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ABSTRACT
Template condensation of the diketones, 2,6-diacetylpyridine and
2,5-diformyl-furan with a series of diprimary amines has yielded a range
of binucleating macrocyclic ligands with potential internuclear separation
between ~7.5 and 3^. The cations used to generate the (2 + 2) con-
2+ +
densation product include Gp (II) metal ions, Pb and Ag . Complexes of 
these ions and of first transition series ions, obtained by transmetallation, 
have been structurally characterized using electronic, infrared, n.m.r and 
e.s.r spectroscopy. In a few cases X-ray crystallographic structure 
determination has been carried out (collaboration with Dr MGB Drew at the 
University of Reading).
Mononuclear complexes, could be made either with the large and flexible 
ligands or with the smallest ligands; in one case as the result of a ring- 
opening reaction. Binuclear transition metal complexes were obtained with 
all the macrocycles studied.
The degree of spin-spin interaction between the metal centres in the 
paramagnetic binuclear complexes varied with internuclear distance and the 
nature and disposition of the bridging ligand, if present.
Some simple substrate oxidations have been studied using the diCu 0) 
complex of a 30-membered macrocycle as catalyst.; diCu(l) complexes
of related acyclic ligands have been prepared and examined to discover 
whether they might also have potentially useful catalyst -properties.
The binuclear chemistry of Cu (I) has also been studied in complexes 
of a heterocyclic . a-diimine ligand where an unusual mode of coordination 
has been shown to exist.
- 2 -
INTRODUCTION
There are many important biological catalysts whose function is 
attributed to the occurrence of metal ions in pairs; haemocyanin (Cu ... Cu), 
cytochrome-c-oxidase (Cu ... Fe) and haemerythrin (Fe ... Fe) represent 
some of the natural examples. Consequently, there is considerable chemical 
interest in synthetic models; binucleating ligands which are capable of 
binding metal ions in pairs.
This project set out to prepare a range of binucleating ligands 
differing in potential metal-metal separation and in the number , nature 
and disposition of donor atoms. Ligands prepared include the following 
macrocyclic and related acyclic ligands:
R = H  3 3 N  ' 
Me : ' 3 3 N M e '
■N
Me
R ^ C H ^ Y l
r ~
R
L N N
R = ( C H , ) ,  EDAAF,  
( C H o ) ^  ' P D A A F
-  j  -
The a-diimine ligands illustrated below which were included in the 
work also (surprisingly) gave binuclear derivatives in a few instances.
■K'
' 'N' / ' N
X = S :  bhz X = S : b f ,
N H : ' b i z '  NH-'bi '
0  bo
All the macrocyclic and related acyclic ligands gave binuclear 
derivatives with first transitions series ions. With the largest 
28-membered Ng macrocycles 33N and 33NMe, the paramagnetic metal centres 
exerted only a weak *through-space* interaction. In the smaller Ng ligands 
H and P, metal centres are often connected through a 3-atom ligand 
bridge such as thiocyanate. The binuclear lead complex of the ligands 
however shows one short ’N-only* thiocyanate bridge. In Q, because 
of the non-coordinating nature of the furan oxygen; the two metal centres 
are arranged in an East-West rather than North-South orientation. This 
results in a short (~3 - 3.sR) internuclear distance with resulting strong 
interaction operating through one or two-atom ligand bridges. The furan- 
based acyclic ligands J, EDAAF and PDAAF have similarly short internuclear 
distances J values for the di-Cu (II) complexes, cover a range from 
ca -10 for 33N to ca -300cm for Q.
A binuclear Cu (I) complex has been investigated for suitability as 
an oxidation catalyst.
The work described in Chapters 2 and 3, is ^proceeded in Chapter 1 
by a review of relevant literature, covering particularly the area of 
Schiff-base macroeyeles
CHAPTER 1 - REVIEW
-  4 ~
A BRIEF HISTORY
Over the last two decades the coordination chemistry of macrocyclic
compounds has grown rapidly. The literature output of this branch of
chemistry has developed from the few scattered reports that existed 
1-5
prior to 1960 , to the current prolific state. Ironically, macrocyclic
complexes, despite their former rarity, have been around for a very long
time. In fact, they could be said to be almost as old as life itself
for nature has put together metal ion and cyclic ligand in haem-proteins,
chlorophyll and vitamin B12 “ which any green plant or multicelled
organism needs. Metal complexes of the macrocycle phthalocyanin have
6,7
been studies for over 40 years because they have found important
7
uses as commercial dyes, optical and electrical materials and catalysts»
A major reason for the recent interest has been the realization
that metal ions encapsulated in macrocycles could have novel and
potentially useful properties - a discovery made several billions of
years ago by the process of natural selection. Synthetic inorganic
chemists are now trying to reproduce in vitro Nature’s chemical sucesses
by modelling biological systems.
The earliest relevant studies on coordination compounds of the
synthetic macrocycles emerged from New-Zealand (Curtis) and the U.S.A
(Thompson and Busch), almost simultaneously. Curtis, in 1960, described
the macrocyclic product (I) - Fig.l produced in the reaction between
8,9
tris - (ethylenediamine) nickel (II) perchlorate and acetone » The 
generality of this reaction was subsequently demonstrated by the dis­
covery of a range of cyclocondensations between ketones and short linear «
, w-diamines. Meanwhile, Thompson and Busch carried out the first del-
11
iberate synthesis of a new macrocylic ligand (2) - Fig.l.
- b -
N, M
(1 ) (2)
Fig.l
12
In 1967 Pederson introduced a new class of macrocycle of which
(3) - Fig,2 is a typical example. These cyclic polyethers became known
as "crown" compounds. Their capacity to form stable complexes with the
13
transition metals was somewhat limited but this was compensated for to
some degree by their interesting ability to form isolable crystalline
complexes of the alkali and alkaline earth metal ions and also by their
ability to encapsulate small non-metallic molecules or ions» Lehn 
14
et al made a major advance in synthesizing the cryptands. These
macropolycyclic ligands were an extension of the 2-dimensional crowns
into three dimensions by joining bridgehead nitrogens with polyether
strands (4) - Fig.2. Such ligands could totally encapsulate a metal ion
that fits in a three-dimensional cavity and in doing so form an inclusion
complex or cryptate. Elegant synthetic work by Lehn and co-workers extended
the macrobicyclic ligand series to the purpose-built macrotri- and 
1 5 , 1 6
tetracycles e.g. (5) - Fig»2.
b -
Fia.2
0
0 0,
( 3 )
0
\
( 5 )
A final example of sophisticated ligand design is an illustration
17
of the progress made in the field oyer the last 20 years. Busch
et al are currently studying totally synthetic iron and cobalt - containing
complexes that reversibly bind oxygen at room temperature , (6) - Fig.3*
This type of macrocycle has been dubbed laccunar (from Latin meaning 
hollow or gap). The design incorporates a "dry-cave" bounded by bulky 
hydrophobic groups on one side of the iron complex, the other being 
blocked by monodentate ligand or solvent. It is the built-in ’dry-cave' 
which permits the oxygen to bind but not oxidize the Fe(II), thus 
taking the science one step closer to replicating the unique 02-binding 
function of haem-Fco
Apart from the chemical properties of macrocyclic complexes, spin­
offs from macrocyclic chemistry have included organic synthesis in the 
presence of metal ions and rationalization of the unusal behaviour of
-7 -
the haem-proteins and other metalloproteins. Synthetically, ’tunable’ 
environments of the macrocyclic type also bear relevance to areas of 
metal-ion catalysis. Biochemistry itself is all about catalysis on a 
major scale, and Naturels armies of bugs are the best chemists of all» 
It is therefore clear that modelling biochemistry is an important 
objective for the inorganic chemisto
N > F e
( 7 )
Fig. 3
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THE MACROCYCLIC EFFECT
From the very earliest studies it was realised that macrocyclic
ligands could impart unusual properties to their complexes. Examples
18
include slow rates of formation and dissociation of the complex ,
19
high ligand field strengths and large stability constants for macro-
cyclic complexes when compared with the corresponding open-chain 
20
ligands . The term 'macrocyclic effect' was coined in recognition of
these properties. It is a collective term incorporating both kinetic
and thermodynamic components.
The kinetic effects have been illustrated by Cabbiness and 
18
Margerum , in a study of the comparative rates of dissociation and
1
formation of copper (II) complexes of, for example, macrocycle L Versus
2 ■ 
the open-chain analogue L , Fig.4.
N N - ^  .1 
H \ _ V H
2+
FORMATION: Cu (aq) + L
2a.
K•f Cu L
K
DISSOCIATION: Cu L + nH ^  Cu (aq) + LH^
n+
Ligand
, -! -1 
(M s ) %d
1 2 _7
L 5o8 X 10 3.6 X 10
2 4
L 2.9 X 10 4.1
Fig.4
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Although the rate of formation is somewhat retarded the open-chain 
ligand dissociates ca 10^ times faster than , If the mechanism of 
the dissociation is envisaged as an "unwrapping" process whereby each 
nitrogen donor, starting at one end, is "unfastened" in sequence and 
immediately replaced by a solvent molecule then, after four such re­
placements the linear tetra-amine will have dissociated. This sequence, 
however, is not possible in the case of coordinated macrocycle where 
the terminal nitrogen does not exist. Dissociation of is thought to
require an initial folding of the macrocycle before the breaking of the 
19
first bond
The enhanced thermodynamic stability is not merely due to an increased
2 2 , 2 3
chelate effect. Hinz and Margerum , in a thermodynamic study of
1 2
the above L /L system with Ni (11), suggested that AH® for complexation 
of the macrocycle is more negative than for the corresponding linear ligand 
because the open-chain requires a greater degree of solvation in its uncom-
plexed state. This associated solvent (H^O) must be displaced on complex
24
formation. Recent studies by Clay et al on Similar cyclic and non- 
cyclic copper complexes relate the thermodynamic origins of the macro-
cyclic effect to ligand solvation rather than any significant difference
21 . 2 5 , 2 6
in metal-ligand interaction. Paoletti et al and Kodama and KimiLra
concluded that entropy contributions were the dominant factors determin-
2 7 - 2 9
ing the observed stabilities. Paoletti et al later concluded, from
enthalpy measurements, that both enthalpy and entropy must contribute.
The entropy contribution will be favourable since cyclic ligands
do not loose configurational entropy on coordination to the same extent
as non-cyclic ligands. The enthalpy effect depends upon ligand solvation,
2 7 , 3 0
the match between metal ion size and the macrocyclic 'hole' ’ and on 
the stereochemical preferences of the metal. The enthalpy term may 
therefore be favourable or unfavourable in comparison
1 0 -
to the open-chain. An extension of the macrocyclic effect - the 'cryptate 
31
effect' is used to describe the analogous enhanced stability of com­
plexes of the polyether cryptands.
SYNTHESIS
The synthetic routes to macrocyclic ligands fall into two main 
categories. The first; direct synthesis by conventional organic chem­
istry and the second; synthesis in situ involving cyclization in the 
presence of a metal ion - known as 'template' synthesis. It should be 
noted that new macrocycles may also be prepared by the modification of 
a parent macrocycle, previously synthesized by one of the above pro­
cedures. Many macrocycles may be made by both methods.
Direct synthesis has been extensively employed in the preparation 
of cyclic tetramines, crowns and cryptands. The two latter classes of 
macrocycles are discussed in more detail later.
Yields for directly synthesized macrocycles are frequently very low 
because of competing intermolecular polymerization reactions. This 
problem is usually controlled by completing the final ring-closure step
under conditions of high dilution. Several cyclic amines have been
3 2 - 3 5
prepared in high yield by direct synthetic routes . A typical
3
example is the preparation of L (' cyclam') , Fig.5, which is achieved 
in 80% yield.
...,
N Na 0 — \
/  3
N - T s  T s - N  ------ -------- >  r
N Na+ 0
I I
Ts Is
Fig.5
-11 -
When good yields can be achieved, the ease of purification and 
characterization of the free ligand is a positive advantage. In addition, 
comparisons of the various spectra of free ligand are useful in the inter­
pretation of subsequent metal-complex spectra. Perhaps the forte of such 
an approach is the generality of the process which is limited, in 
principle, only by the nature of the reactants; unlike the template 
process (see below) which is much more metal-ion specific.
Cyclic polyethers excepted, the template or in situ synthesis, is 
the most frequently used method of forming macrocycles. While many 
macrocyclic ligands can be prepared by both procedures the in situ tech­
niques have provided many other macrocycles that would not have been
possible otherwise. Addition of a metal ion before the macrocyclic 
ring-closing step can result in a dramatic improvement in yield.
Several factors govern the efficacy of a metal ion as a template; 
these are:-
(1) Metal ion size.
(2) Electronic configuration.
(3) Size of macrocycle to be formed.
(4) The number and nature of donors in the macrocycle.
(5) The possible conformations available to the coordinated macrocycle. 
Such factors give rise to the coordination template effects. These 
effects are broadly classified as either kinetic or thermodynamic.
Kinetic: The kinetic template effect is operative if the steric course
of a series of stepwise reactions is controlled by the metal ion. The
- 3 6 - 3 8
effect has been studied by Busch et al . The formation of
(8) - Fig.6, illustrates this point. Ring-closure proceeds via, first,
a slow step (i) involving attack at one coordinated mercaptide. The
second mercaptide and halide are now orientated (7) such that, (ii)
a rapid ring-closure step can occur. Comparative reaction with benzyl
38
bromide showed only two slow consecutive steps
—12 —
Nr
■Br ■■••S
\k
( i )
Fig. 6
Thermodynamic: A metal ion may promote the formation of a macrocycle
by removing it from equilibrium as a macrocyclic - metal complex
(either soluble or insoluble). When this is the case the thermodynamic
10
template effect is in operation .
The template effect should not be confused with the macrocyclic 
effect. It deals with the intervention of a metal ion in a reaction 
between organic components to form the macrocycle. The macrocyclic 
effect is concerned with the stability of the product of reaction bet­
ween preformed macrocycle and metal ion.
Most template syntheses probably involve the kinetic template 
effect, although it is not always possible to distinguish between these 
effects. The '-edge’ that the template synthesis has over the direct 
method is that it has allowed the easy isolation of many macrocycles
which are unstable as the free ligand by forming the stable complex
“"13 -
TRANSMETALLATION
Since not all metal ions are effective as templates for all macro-
cycles, the accessibility of new metal complexes was, in the early days,
somewhat limited. However, transmetallation, a process whereby one
metal ion, typically the template ion, is replaced by another, different
metal ion via an exchange process in solution, has been used by 
39
Nelson et al , Fig.7. The kinetic lability of the complexed template ion 
provides the key to subsequent transmetallated derivatives which become 
possible when a short-lived, liberated macrocycle is * captured ' and 
stabilized by coordination to the second, new metal ion, before decom­
position occurs.
NH
Fig. 7
“ 14“
LIGAND-VERSÜS-?ÆSTAL EFFECTS
A common thread connecting many of the observations in this thesis 
is the role played by ligand/metal requirements in the synthesis and 
chemistry of the complexes. This next section concentrates on this 
interplay.
The design of any complex must include consideration of several 
factors
(1) The stability of the complex; This will be dependent upon
(a) the relative strength of the donor-acceptor interactions,
4 8 , 4 9
cf Pearson’s hard/soft acid/base theory . E.g. in the
generalized template synthesis of Fig.8. I'Jhen X = S the
173
* soft' Ag(I) ion is effective as a template , whereas when
+ 161 
X = 0 the ’ hard ' Mg^ ion will template the reaction
(b) Chelate effects: Metal chelate complexes are more stable than
50
their unidentate analogues and 5 and 6-membered rings are 
by far the most common. ,
(2) Geometrical consequences: Factors influencing the geometric arrang-
ment of donors around a metal include;
(a) The shape and flexibility of the ligand.
(b) The nature of the donor atoms e.g. nitrogensare primary, 
secondary, tertiary amine, imino, azo. Each type of nitrogen 
will have a characteristic spatial distribution of electrons 
e.g. amines - sp^ and imines - sp^. Therefore, coordination
of different types of donor can enforce different conformations 
of the ligand.
(c) Stereochemical dictates of metal ion: The stereochemical pre­
ference of a metal ion may impose a particular conformation on
“ 15“
0 0
Mn+
N
i "  R
" O "
M =  Ag”" ,MgZ* 
X =  S ,0
Fig.S
mac =
(1 0)( 9 )
Fig.9
16-
the ligand. E.g. 4 - coordinate complexes may have tetrahedral
or square planar arrangement of donors; 6 - coordinate octahedral
or trigonal prism; 5 - coordinate square pyramidal or trigonal
bipyraniidal e.g, Fig.9. The teLrahedral di-Cu(I) sites of
(9) - Fig.9.leave the macrocycle in a planar conformation
while the square planar di-Cu(II) sites of (10) require the same
macrocycle to be bent
(d) Size of metal ion: This factor is of obvious importance in
macrocyclic chemistry e.g. rigid molecules which are too small
to encircle the metal ion can be accommodated in structures
where the metal lies above the plane of the macrocycle or as
a molecular sandwich e.g, Fig.io . The Ca(II) ion (Pauling 
0
radius 0.99A fits neatly into the macrocycle (11) while the
0 .
larger Sr(II) ion (Pauling radius 1.13A) must sit outside the 
macrocyclic plane (12).
The principles outlined above will be encountered many times in the 
course of this review.
s
E 
N
C 
S
(11)
mac =
(12)
Fig.io
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POLYETHER MACROCYCLES
Attention has already been given to the pioneering work of Pederson 
on the synthetic macrocyclic polyether ’crowns’* A typical synthetic 
reaction is given below; it involves a condensation reaction between 
a bis-phenol and a dichloride. Fig.11.
14
OH
Fig.11
The yields are strongly dependent on the nature of M+ implying a
template role for the cation. In the above example substantial improv-
ments in yield are obtained on progressing along the series of cations;
M+ = n-Bu^N*, Na-, K^, the rationale being that while fits into the
cavity comfortably, Na^is too small and n-Bu^N* too large.
The ability of the ’crowns’ to form stable complexes of alkali and
alkaline earth metal ions is a reflection of the nature of the donors,
namely, the relatively non-polarizable, or ’hard’, oxygen donors. Some
5 6 - 5 8
mixed donor molecules have also been produced containing sulphur 
5 9 , 6 0
and nitrogen donors.
The momentum of the research in this branch of macrocyclic chemistry 
was maintained not only by the hitherto undivined area of alkali metal 
coordination chemistry but also by applications concerning the biological
role of Lit Na^ and cations, for example, in an effective treatment of
psychiatric disorders with lithium salts, the Na* - "pump’ etc.
-18-
S
C
N
T Y P E 1
0
C
S
TYPE 2
TYPE 3
S
C
T Y P E  4
H N.
: . . - C O  
R h : ; - - -  C O - -  - Rh-
• -sJU - '
N.
N H
Fig. 12
There are basically four types of crown complexes as evidenced by
crystal structures. Illustrations in, Figl2,
Type:- (.1) Metal fits cavity of crown
61
(2) Large cation sitting above plane of crown.
62,63
(.3) Small cation wrapped by crown e.g. the *tennis-ball seam*
65
or, forms binuclear complexes .
66
(4) Not all potential donors are used
The most spectacular property of the crowns is their ability to
67
solubilize salts in organic solvents . For example, KMnOi^  can be made
68
to dissolve in benzene by addition of perhydrodibenzo f18;-crown -6
69 . . .
This capability has applications in solvent extraction . Solubilization
of potassium hydroxide in aromatic hydrocarbons yields a 0.2M basic sol- 
70
ution . The strong basicity of these solutions is attributed to the
presence of ’naked* hydroxide ion, which is unprotected by solvation
in attack upon substrate. Many synthetic applications of the use of
67, 71-73
’naked* anions (anion activation) have already been realized
Early research into the chemistry of the 3-dimensional macropoly-
74,75 76
cyclic cryptands has been dominated by Lehn and Weiss . The
various topologies of such ligands are given in Fig.13; Z represent a 
bridgehead atom.
64
A
•Z E
D
Fig.13
- 20-
A, defines a 2-dimensional cavity such as occurs in the crowns, already 
discussed. The macrocycles of higher cyclic order are the cryptands:
8 ,-^2] cryptand; C,-[s] cryptand; D,-spherical and E,-[4^ cryptand.
The cryptands B, C, D and E are capable of forming inclusion complexes 
or cryptâtes in which the substrate is contained within the 3-dimensional 
cavity.
The macrocyclic effect is particularly strong with cryptâtes and so
77
It has been given a special name - the cryptate effect , Selectivity
74
for alkali and alkaline earth metals is pronounced and can be related 
to the match between cavity^ size of the ligand and the metallic diameter. 
The macrotricyclic ligands of type D, the spheroidal[3 ] -cryptand,
have been shown to be able to bind. , in addition to metal ions, cationic,
. 1 6 - 7 9  74
anionic, and molecular species such as . , Cl and H2O . Binding
of Cl by an array of zwitterionic hydrogen bonds has been observed also 
80
for cryptand B , Fig.1 4 . Anion coordination chemistry has been
81
reviewed by J-M Lehn .
Cryptate solutions exhibit the same anion activation effects as do
the crown ethers but the activation is even more pronounced, for example,
cryptate solutions can be prepared containing substantial concentrations of
82-84 ,
solvated electrons . Protection of the cation within a polycyclic
ligand has also led to the preparation of stable crystals containing
84-85
the alkali metal anions
The macrotricyclic, cylindrical ligands, type C, formed from 
two macrocyclic units linked by two bridges, have been designed in 
the face-to-face fashion in anticipation of their binuclear chemistry.
They are capable of binding more than one metal; one into each end of 
the ’cylinder'. The topology of these macrocycles, as of any bi- 
nucleating ligand presents two interesting possibilities:
“ 21 ~
Fig.14
(a) Metal metal distance can be controlled by varying the length
of the bridges and -
(b) Asymmetrical 'cylinders', can be synthesized therefore opening up
the fields of heterometallic and mixed valence chemistry.
The binuclear copper (I) and copper (II) complexes, prepared by Lehn,
86,87
and structurally defined by Weiss , are considered as models for
the type 3 copper proteins such as haemocyanin (discussed later).
The synthesis of closely related macrocycles displaying interesting
geometries has recently been achieved. These compounds, known as the
catenanes, include novelties like knotted and linked rings and the
mobius strip. As early as 1961 they were discussed in a theoretical
38
article on chemical topology . The Mobius strip macrocycle, a one­
sided, one-edged 'isomer' of a cylinder, with a single 180® twist about
89
its long axis,Fig.15,was reported by Walba et al
-2  2 -
90-92
The first metallocatenane was that produced by J-P Sauvage et al, 
of a highly stable Cu (I) complex of a catenand of two interlocking 
crown polyether - type ligands. The high stability is reflected in the 
observation that this complex could not be electrochemically demetallated. 
The topology of the ligand, shown in. Fig.15, highly favours tetrahedral 
geometry around the metal complex. The enforced mutuality of the two 
cyclic moieties prevents dissociation of either, hence producing the 
high degree of stability of its complexes.
O ^ O ^ O .
0 - / V -0
Fig.15
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POLYAZAMACROCYCLES
30,50,51
The work of Busch et al exemplifies the approach of
purposeful ligand design. They have shown that for a given metal ion
there is an ideal macrocycle ring size for which there are abnormally
strong metal—donor bonds and high D values. Rings that fit specific
4
metals produce extreme immobilization resulting in the observation of
rare oxidation states. Variation of the macrocyclic structure keeping
both fixed stereochemistry and constant donors (four nitrogens) has
30
then allowed redox potentials to be varied over wide ranges (2V)
The stabilization of unusually high oxidations states of transition
metals (Ni (111) and Cu (III)) has been achieved with macrocycles
5 7 52, 93-97
such as L and L , , Fig.16.
H
H
H
N
N
H
H
X “ 0, R — H 
X = 0, .R = CH2Ph 
X = H2, R = H
L X = 0
7
L X = H2
Fig.16
93 .
While Busch et al demonstrated that progressive unsaturation
and/or alkylation made attainment of Ni (III) more difficult, Fabrizzi
7 5
found that ring expansion from L to L had similar effects.
97
2 k
0
(1 3 )
L8
(14)
Fig.17
- 2 5 -
6
Studies on the closely related amide macrocycle L have revealed
0 98,99
unusually low potential, E , for the MClJryM^couple (M = Ni, Cu)
100
More recently, Kimura and associates have reported facile*
0
(E 0.24 versus SCE) generation of Ni (HI) from Ni (II) complexes
3
of L . Moreover, in air oxidations, the binding, activation and
oxygen insertion ( 13 - Fig17) via aromatic hydroxylation of substit-
4.
uent (R = CH2C0H5 ; L ) or solvent (benzene) is reported. These bio- 
mimetric properties have been traced to the special steric and electronic 
effects that are imposed by the two basal deprotonated amide (imide) 
groups and an axial nitrogen donor in the rigid square pyramidal 
structure.
101,102
Recent reports by Meyerstein have shown that saturated amino
8
ligands,L ,are capable of stabilizing Ni (I) and Cu (I) to the extent
that they do not pick up O2 in aqueus solution.
, - Polyazamacrobicyclic ligands, or sepulchrates, have been developed 
103-105
by Sargeson . The transition elements Cr ------  Zn have been
encapsulated as illustrated in (.14)-Fig. 17
SCHIFF-BASS MACROCYCLES
The condensation reaction between amine and carbonyl to form a
Schiff-base has been widely exploited in the synthesis of nitrogen-
donor macrocycles. The mechanism is given in Fig.18. In the absence
92
of a metal ion acid catalysis is often required to activate the 
C = 0.
In the metal-ion controlled reaction, the metal functions as an 
acid drawing electron density away from the coordinated carbonyl group, 
activating it towards nucleophilic attack by an incoming uncoordinated 
amine.
2 6 “
R 2^=0 H g N - R '
'*2 < !
N H 2 R
^  RoC
/
\
O H
NHR
H
R 2 C =  N R'
-> R 2 C
H
< ^ 0 H
H
R 2^ = N R '
Fig 18
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Self-condensation Products of O-aminobenzaldehyde
The propellor shaped tri- and tetradentate ligands, TRI and TAAB,
. 107-109
Fig.19 , are obtained on condensation in the presence of Ni (II)
Selective crystallization of the perchlorate salts allowed the separation 
of two complexes. X-ray structural studies confirmed the mode of co­
ordination of the tridentate TRI, as being the 'capped' structure in
111
Fig. 19, while both high-spin and low-spin forms of TAAB were found
to be planar. By comparison, the condensation in the presence of the
107-111.
Cu (II) produces planar quadridentate Cu (TAAB) (NO3)22 and not
2+113
Cu(TRI)
These observations may be rationalized by the stereochemical require­
ments of the Cu (II) and Ni (II) ions,. The Jahn-Teller distorted Cu (II) 
ion will be expected to exert certain restrictions on the metal-ion 
controlled self-condensation and rearrangement reactions, when compared 
with a non-distorted species such as Ni (II). These restrictions pre­
sumably eliminate the possibility of formation of TRI on Cu (II) by 
making axial sites unavailable for coordination of intermediates in the 
macrocycle formation steps.
114 115,116 111,118
More generally Zn (II) , Fe (II) and Fe (III)
119
form template complexes of TAAB, while Mn (II) is ineffective as a
template for either TRI or TAAB. The larger size of the Mn (II) ion
may be responsible. Similarly Uranyl (VI), where the axial sites needed
2+
in TAAB are blocked by the oxygen atoms of UO2 , is an ineffective
template and produces a non-cyclic product. However, on treatment with
-  120 
water the cyclic trisanhydretetramer is produced. Presumably the
2+
in-plane radius of UO2 is better suited to the cavity of the tetramer. 
Formation of the trimer, which would then only be possible using axial 
sites, is precluded by the presence of the axial 0 atoms.
— 28 ~
H N
TRI ,
\| N
N N
T A A B
H g O
0' '
H ^ O
RO
(15)
X = N M g  j s
(16)
Fig.19
-The complexes of TAAB are activated towards nucleoplilic attack at
the imine linkages. Alkoxides add across in the trans manner illustrated 
121
in (15) - Fig.19 . Nucleophilic addition reactions with Cu (11) and
Ni (II) TAAB complexes have been extended to include diolanions, amines
r n 2+
^nd diamines e.g. |^0- (Cl^  )2 — X— (Cl^)2~ 0j yields the square pyramidal
'basket’ structure (16) - Fig.19. The fact that [o-(CH2 )5-0 ] , will
not produce a ^basket' implies that coordination of X occurs before the
addition reaction i.e. a template mechanism is operative.
The above discussion has outlined examples of how metal-ion size and
geometrical preference can control the product obtained.
Jager-type Macrocycles
The so-called Jager macrocycles, produced by reaction between dia­
mines and 3-ketoiminato complexes of the type in, Fig.20, have recently 
gained fresh prominence because of the potential that some structurally 
modified derivatives have as models for biological systems. They are 
also examples of how ligand design can provide the means to modify the 
chemistry of a metal ion. A generalized synthetic scheme is given in 
Fig.20.
COR'
r
X
R
C O R
X
J
R
COR
123,125 124 126,127
X =  (CU;) (CHg) o-CHgC^H^CHg
Fig.20
- 3 0 -
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C O R
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R n h r n h r
l a c u n a r
( 1 7 )
9 R ^
‘f a c e -t o -f a c e  '
(18)
FÎQ.21
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128 . . .
Busch et al found that while attempting ring-closure reactions
they could isolate two important families of ligand, from the same re­
action pot .. These ligands were the dimeric face-to-face macrocycles^
(18) - Fig.21 and the monomeric lacunar macrocycles (17) - Fig.21. It
128 2 
was found that when the substituent on the bridgehead nitrogen, R ,
is methyl then pure monomer lacunar-type ligands were obtained. However,
2
the corresponding complexes with R = H all form two isomeric species.
1
In addition, when R < (CH2 )io then two isomers are obtained even when 
1
R =
Much more interest has been shown in the lacunar complexes. System- 
1 2  3
atic Variations of R , R and R have been manipulated to ’home-in’ on a 
particular desired property of the final complex, e.g. dioxgen binding
and/or substrate inclusion. From (17), - Fig.21, it can be seen that
1  ^ . 
the nature of R will dictate the 'head-room’ available within the
1 , X 2 3
lacuna. Thus when R = ( ^ 2)3 and R = R = CH3 a tight cavity
exists which will not permit access of O2 to the internal axial site
129
and the Ni (II), Co (II) and Fe (II) complexes will not bind O2 If
1
however R = m-xylyl then reversible O2 binding is achieved for Co (II)
17, 130-133
and Fe (II) systems . The 02-binding properties can be
2 3 2 3
'fine-tuned* by variation of R and R . When R - CgHs and R = CH2 C6H5 ,
235 273
optimum binding by Fe (II) is achieved (K = 0.55, K = 0.0025).
02 02
By raising the ceiling of the lacuna it is theoretically possible 
to create room for the inclusion of substrate which is held close to 
bound dioxygen and then, hopefully, observe monooxygenase activity.
Systems in which sizeable substrates such as dimethyl phenol, (19) - Fig.22 ,
can approach the metal centre closely have potential as models for cytochrome
53
P450, however, activity has not yet been achieved
— 32 -
(19)
mac =
Fig.22
Macrocycles Derived From 2,6-DAP and Related Dicarbonyls
Condensation reactions between dicarbonyl compounds such as 2,6 -
diacetylpyridine (DAP) and diprimary amines have played a central role in
lu, 133-135
the synthesis of macrocyclic ligands . Usually the synthesis is
performed in the presence of a metal ion which serves to direct the 
steric course of reaction preferentially towards cyclic rather than 
oligomeric/polymeric product; the kinetic template effect, and/or to 
remove the product from equilibrium by coordination; the thermodynamic 
template effect (see earlier discussion). The chosen size of the template 
ion can be further used to direct the condensation between one molecule
of dicarbonyl and one molecule of diprimary amine or between two mole-
137-139 140 p -, j. T
cules of each reactant or more , thus forming [l + ij, [2 + 2j
or [4 + ^  macrocyclic products, respectively. This section will use
this distinction between the macrocycles in the discussion of their
coordination chemistry.
DAP has proved to be a particularly useful precursor dicarbonyl,
with its strongly donating pyridine 'anchor' which serves to hold and
134
activate the carbonyl towards nucleophilic attack.
_ 33-
TABLE I
Ligand X Ri R2 m n
2+
Template M
9
L
10
N CH3 H 3 3 Zn , Cu Ni Co , Mn
L N CH3 CH3 3 3 Zn, Cu, Co .
11
L
12
N H H 3 3 Zn.
L N CH3 H 3 4 Zn, Cu, Ni.
13
L P CH3 CgHs 3 3 Ni^
a ref. 147
16
L : R = H 
17
L : R = CH2NMe2
FÎK.23
34-
(1) Il + il Macrocycles 
(i) Tetradentate
9
The lA-memberecl tetradentate ligand L , Fig. 23, was one of the
earliest demonstrations of * template effect’. It can be synthesized by
the in situ reaction of DAP with 3,3’-diaminodipropylamine in the
140-143
presence of Ni (II), Cu (II), Mn (II), Co (II) and Zn (II)
Single crystal X-ray structure determinations show the macrocycle
to be coordinated in the distorted square-planar fashion around the
144 145
metal ions. Prince et al and Kepour and Stotter have extended
10 13
the range of Nt+ macrocycles, L -L . Table I summarizes the tetra-
9
dentate analogues of L . It is interesting to note that the Co (III)
10 10 T r , 146
derivative of L LCo L ClJ [ClOi^  J , has been shown by X-ray
structural analysis to contain a 3-membered chelate ring where the
N-methyl carbon atom of R2 has become deprotonated and is q-bonded to the
Co (III) ion. Fig.24.
,CH
Fig.24
■ 148 149 150 151
The Ni (II) , Fe (II) , Co (II) and Co (III) , and Cu (II)
16 / 17 152
complexes exist also for the meso form of L and Ni of L .
"35 -
(ii) Pentadentate
153
In 1964 Curry and Busch reported the in situ synthesis of the
18
15-membered pentadentate ligand L , Fig.25 , from DAP and
3,6-diazaoctane-l,8-diamine in the presence of iron (II). When, as a
154-156
result of X-ray and other investigations , the complex was form­
ulated as the 7-coordinate y-oxo-dimer ^{Fe L (CIO^)} 20J [(C104^]2 H2O 
18
with L occupying the equatorial plane, it sparked-off a series of
investigations into the structural elucidation of 7-coordinate geometry -
a rarity, at the time, among transition metal complexes. It has since
transpired, as a result of single crystal structural determinations on
18 21
an extensive range of metal complexes of L -L that the 15-membered
18 21 19
L and L and 16-membered L rings prefer to dispose their five
donor atoms in a pentagonal planar arrangement about the central metal.
7-coordinate pentagonal bipyramidal geometries were thus demonstrated
for Mg (II), Mn (II), Fe (III), Fe (II), Zn (II), Cd (II) and Sn (IV),
and 6-coordinate pentagonal pyramidal for Co (II), Ag (II), Cd (II), and
154,157-165
Hg (II) complexes . Table II summarizes the metal ions
18 21 , . 
effective in the templated synthesis of L -L . Noticeable by their
absence are Ni (II) and Cu (II). This may be due to the strong preference
of these ions for square-based stereochemistries (octahedral, tetragonal,
square pyramidal, square planar) in which the bonding orbitals are dis-
166 8 9
posed orthogonally. Calculations have shown that d and d ions
attain a greater crystal field stabilization energy from octahedral
rather than Dg^ symmetry. Although a few pentagonal bipyramidal complexes
167,168 . . ,
of these ions are known there is clear evidence at least for
Ni (II), that this is an unstable stereochemistry relative to the 
octahedron (see below) .
-  36 "
N
2-'m
TABLE II
Ligand X m n Template M
18
L NH 2 2
II
Mn, Fe, Zn, Co , Cd, Hg, Sn(IV), Pb .
19
L
20
L
NH 2 3
II,III
HgCd, Mg, La, Mn, Fe , Co, Ag, Zn.
NH 3 2 Mn, Ag, Cd, Hg, SnllV), Pb.
21
L 0 2 2
11
Cd, Zn, Mg, Sr, Ba, Mn, Fe, Co , Ag, Pb.
HN,.
/  OR
,22
N
NH
23
Fig.25
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Ni (II) complexes of these ligands have been prepared by a trans-
metallation process from e.g. the dimeric [Ag [çiOi+Üz in dry ROH
(R = CHg or C 2H 0). The resultant complex contains the new, more flexible 
22
ligand L produced by the addition of ROH across one of the imine
linkages. In doing so this part of the macrocycle becomes saturated 
and therefore is no longer in a planar conjugated relationship with the 
pyridine ring and the remaining azomethine moiety. This confers the 
necessary flexibility on the ligand to coordinate on an octahedron.
If the reaction is carried out under 'wet* conditions, hydrolysis
23
occurs to yield the octahedral complex of the ring opened ligand L ,
Fig.2 5 . In support of this 'flexibility hypothesis', it is found that the
larger 17-membered macrocycle L , on transmetallation, occupies five
160
octahedral sites in Ni (II) without the addition of ROH
18 19 21
Thus, in summary, L , L and L demonstrate how unusual geometry, 
namely pentagonal bipyridal< can be imposed on a metal by the con­
formation of a ligand while the converse has been observed for the case 
of the Ni (II) complexes. In this latter case a new conformation via 
chemical modification is imposed on the ligand by the stereochemical 
requirements of the metal ion.
A series of seven-coordinate, pentagonal bipyramidal, complexes of 
the series Mn (II) - Zn (II) has been obtained using the open-chain 
ligand L . Their structures are exemplified by the representative Cu (II)
complex which uses the primary amine groups as axial donors, the penta-
24 169
gonal plane comprising the remaining 'N gXg* donors (X = N for L ) (20)—
Fig.26. The seven-coordinate Ni (II) complexes undergo a slow ( 4 days
r . 25n 2+ 170
at ambient temperature) isomerization to the octahedral LNi L J ,
25 . . ^
Fig..26. L can be produced by the addition of one NH group across the
adjacent C = N bond.
-38-
X X
,, y
NH2 HN
2
X=NH
X = 0
* N.-N
NH ' H .N
25
--NH
(20)
Fig.26
An analogous series exists also for the open-chain ligand I?
(X - 0), Fig.26. In this case the Ni (11) complexes are stable since
substitution of NH by ether oxygen preempts the isomerization described 
197
above . Returning to the pentadentate macrocycles further illustration 
of metal stereochemistry dictating ligand formation can be seen in the 
series of dicyano derivatives of and L ^ . [pe L (CN)^]
XH2O (X = 0 , 0.5, or 1) are diamagnetic, while LFe L (CN)^  J «HgO is
high spin (peff = 5.09 B.M.) at 293K falling to 3.37 BM at 93K.
Mossbauer data of the latter derivative at 93K implies the metal ion
exists in a 1:1 ratio of S = 0 : S = 2 spin states. Since 8 = 0  ground
state is precluded in Dgh symmetry the implication is that the CN” ligands
coordinate in a trans-octahedral fashion, requiring the expulsion of one
, ^ ^ 18 19
donor, probably a secondary amine group-of L or L from the coordination 
sphere. This would produce a large CFSE advantage for a t2g^ Eg° system. 
The hysteresis effects which accompany the (S = 2) (S = 0) spin cross­
over may be produced by a lattice alteration accompanying a change in
162,163,171
stereochemistry from bo 0 .^
”39 ~
R
N
[Y] [Y]
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TABLE III
Ligand R X Y g
+ /2
Template M
J ' H NH -[c hJ ^ -[cHj] 2
172
Mn, Zn
28
L
29
H 0 -[CH2I2
153; 172 
Mn, Zn , Mg . ^
L H NH o-CgH^ -[cHjL
H S - K l  2
172
Mn, Zn .
Me S - Ag .
333U-
L Me S 0-C&H4 ' Zn % Cd' , Th (111)
35,36
Me P-Ph -(CH2)J: Ag, Cd.
31
a L ; m = 2, n = 3
34
b L : m = 3, n = 2 " R = [ C H o ]2 :
r  H • | 3 4  0-  Ç5H4 • L
32 
L : m = 3, n = 2
35
L : m = n — 3
Fig.27
- 4U-
32 r 32i 2+ r- 32 n .
In the Cu (II) complexes of L - LCu L J , l Cu L (NCS)J and
32
Ltu L (NOS)2] - two, one and neither macrocycle S-atoms atoms are in-
178
volved.in coordination, respectively , Fig.28. Similarly, the high -spin
32 + 32
S - 2 [Fe L 01 (MeOH)] and low-spin 8 = 0  [Fe L X] (X = NOS , l”)
complexes reveal, respectively, coordination of one and two sulphur atoms
179
situated at the apices of an octahedron
s 
c
N
■i tl
1 2+
■ ICuL' [cu L%CS)]
N-.. 
■N
•Cu
S'
-S
[cuL^^(NCS)J
M e O H
Ct
X
lis.[Fe L^^(MeOH)Cl] Fe L-'^x]l,s. [f -32
Fig.28
3 3 34
Zn (II) complexes of the 'N3S2 * macrocycles L and L are thought
to be seven-coordinate with the ligand in the equatorial plane and axial
27 30
halide ions. Other pentadentate analogues L — L of pyridyldiimine
macrocycles are formed from Schiff-base condensations using 2 ,6-diformyl-
kl
pyridine (DFP) and a series of diprimary amines using Mn (II), Zn (II)
160
and Mg (II) as template ionSo
180
Fenton and Cook found that by using a variety of alcohol sol-
37-39
vents the macrocycles L could be obtained by a metal-free condensation
of DFP and diprimary amines (X = 0). In these ligands the ROH has added 
across the C = N moiety in order to relieve angular strain. Fig»29.
R O
37
n-Bu
Fig.29
(111) Hexadentate
Condensation of 1, 4, 7, 10, 13 - pentazatridecane in the presence
40
of iron (II) chloride yields bronze crystals of the complex Fe (L -H) CI2 ,
. • . 40 181
Fig.30, potentially, hexadentate ligand L . The structure of the
complex is unknown but could easily involve a dimeric oxygen - bridged
42
[^ 40
Fig.30
structure anal^ous to that already discussed for the pentadentate 
18
ligand L .
41— 44
The closely related ligands L , with oxygen donors, have been
182, 183 334
reported by Fenton et al. Pb (II) , the alkaline earth metals ,
185
Hg (II) and Cd (II) have already been used as templates - summarized
in Table IV, Fig.31. The potential value of such macrocycles in the
removal of the toxic metals Pb, Cd and Hg from the body has been pointed 
185
out
Fenton's team has also demonstrated
184
the ability of Ca (II),
Sr (II), Ba (II) and Pb (II) to function as templates in the formation
45 46
of macrocycles L and L .
4 j
TABLE IV
Ligand R M Templates
■ ;'i .....
L -(CH2)2“ H Ca, Sr, Ba , Pb ■ , Cd, Hg. .
42
L -(CH2)2- Me Ca, Sr, Ba , Pb , Cd, Hg .
43
L o-CgHi| - H Ca. Sr, Ba , Pb
44
L o-CgHi^ Me Sr
R R
0 0 0 
W W
45
L : R = -(CH2)2-
■46
L : R = o-CgH^
'ig.31
- 44 -
[ 2 + 2 ]  Màcrocÿcles
Whether [l + l] or [2 + 2] cyclic condensations occur is governed
at least in part by the size of the metal ion used in the in situ
template process. Thus, while Mn (11) - Zn (11) afford the 14-membered
9
'N4 ' [1 + 1] macrocycle L . In contrast the larger Ag (I) cation pro 
produces the binuclear complex [Agg L Jx2 = CIO4 , BPhi^ ) Fig. 32, in
24
which L is the 28-membered macrocycle derived from the condensation of
two molecules of DAP with two molecules of diprimary amine - ^ 2  + 2]con
105
densation. The crystal structure shows each Ag (I) to be four- 
coordinate, bonded to the three nitrogens of one trimethine unit and 
to one secondary amine nitrogen. The Ag ...Ag separation is 6 .0S and no 
metal ...metal interaction is observed. It would seem likely, therefore, 
that it is the relatively large size of the Ag (I) ion which is res­
ponsible for directing the course of the reaction towards the |^ 2 + 2] 
rather than the j^l + 1^ product.
Application of this principle to other systems has resulted in the
synthesis of [_2 + 2 ] macrocycle's of varying size and nature of donor
186
and has resulted in both mono- and binuclear complexes . The alkaline
earths have been particularly effective mononuclear templates in these 
186
systems .
The macrocyclic ligands about to be discussed are illustrated in. 
Fig.32,
The Mononuclear Complexes
Ca (II), Sr (II), Ba (II) and Pb (II) are all effective as template
- 47g 187 48 188 49 188 ,
ions in the synthesis of the macrocycles L , L and L
48 IBS
K(I) will also template L . The metal ions Mg (II) and Mn (II) -
Zn (II), Ag (I) and Cd (II) are all ineffective as templates for these
r *1 47g^
[2 + 2J macrocycleS/ a mononuclear Cd (II) complex of L is obtainable
187 + 188
by transmetallation as can Na (I) and complexes . In the
above examples the complexes usually contain one central metal ion, with
4 5 -
planar conjugated, 18-merabered hexadentate macrocycles. Interestingly,
47g^  4 8
the Ba (II) complexes of L and L are isolated with a ligand: metal 
ratio of 2:1, implying a sandwich structure containing 12-coordiante Ba.
The various types of structures are illustrated in. Fig.33, i.e. hexa­
gonal bipyramid (21), hexagonal pyra mid with 'vacant' axial position
possibly occupied by a stereochemically active lone pair (2 2 ) and 
the 12-coordinate sandwich (23). The results have been rationalized 
in terms of:-
(1) The matcH/mismatch in size of the metal ion in relation to the macro­
macrocycle hole size and (2) the charge on the metal.
189
A comparison of the eight-coordinate diameters of the metal ions
oconcerned with the macrocyclic cavity radius of 2.7A for L , reveals 
a clear link between metal ion size and the stoichiometry of the com­
plexes or effectiveness as a template. Ba (II) having the largest
diameter of 2.84& is too large to fit the macrocycle hole and con-
47a 48
sequently forms the sandwich structure (23) - Fig.33, with L and L
The metals Ca (II), Sr (II), Cd (II) and Pb (II) which form 1:1 stoi-
47 48 49
chiometries with L , L and L have diameter of 2.24, 2.52, 2.20 
and 2.58^ respectively, while those metals ineffective as templates, 
namely Mg (II) and the transition series Mn (II) - Zn (II) (8-coordinate 
diametres 1.80 - 1.92^) are clearly too small to accommodate all six 
donors in a stable planar mononuclear arrangement and are too large to 
form binuclear complexes. However, the fact that K(I) with an eight- 
coordinate diameter of 3.02S forms 1:1 complexes while Ba (II) (2.84^) 
form 2:1 stoichiometrey suggests this consideration alone is insufficient 
to account for the phenomenon, and that the smaller ionic charge associated 
with K(T) must also contribute.
kb
R
N
R
TABLE V
Ligand R Ligand R X
4 7a
L o-CgHq. a
48
L jo-CgHit 0
47b
L orCsHif
57a
L -(CH2)3- 0
49
L ” (CH2)2”
57b
L —CH2CMe2CH2” 0
50
■ L -(CH2>3-*
58
L -(05^)2" NH
51
L - (CH2) 2“0“ (CH2) 2""
59
L -CH2CH(Me)CH2- NH
52
L -(CH2)2-5-(CH2)2-
6 0
L -(CH2)3~ NH
53a
L ~(CH2)2Nli^(.CH2 )£ .
61
L “ (CH2)^“ NH
53b
L -(CH2)2N (CH2Py)(CH2)2-
53c
L - (CH2)2N (CH2NH2J(CH^)2-
54
L -tCH2)3NH(CH2)3-
55
L -(CH2)2O(CH2)2O(CH2)2“
56
L -CH2CH(0H)-CH%-
1
a R = H ,
i
otherwise R = Me
Fig.32
47“
X'
( 21 )
0 
"2 
( 22 ) ( 23)
Fig. 3.3
47g
Although, as discussed above , the macrocycle L is too large to 
form stable first row transition metal complexes, it was found that on
transmetallation using [ba L2 C CIO^]2that a series of new mono-
190
nuclear complexes could be isolated in 40-80% yield X-ray analysis
47
on a representative Co (II) complex revealed that the inner ring of L ^
had contracted from 18- to 15-member atoms producing the new penta-
63
dentate macrocycle L
The contraction can be visualized in two steps, Fig.34.
(i) Nucleophilic addition of solvent MeOH across one C = N and (ii)Nucleo- 
philic addition of newly formed secondary amine intramolecularly across 
the adjacent C = N. This second addition is facilitated further by the 
increased flexibility gained on conversion of a double into a single 
C-N bond. The process is an example of the entatic principle - 
activation energy of reaction involving metal centres is lowered if the 
centre is held in a strained or poised condition. Thus, it is the mis-
- 4 8 -
OMe
Ci)
BaL2
if?a
63
ML
Fig.34
47.
match in size between the 18-membered L cavity and the transition 
metal radius, which is responsible for this metal-induced ring contraction,
In 1970 Stotz and Stoufer 
4 7t.
192
reported the synthesis of the un-
complexed macrocycle L in the presence and absence of a template ion 
(Cu (II)). Since Schiff-base macrocycles are not usually stable in the
uncomplexed state this was an unexpected result. A reinvestigation by
193,194
Nelson et al shows that the macrocycle has rearranged to the
64
form shown in, ; L , Fig.35. Presumably this happens in three
steps.
(1) Imine to enamine tautomeric shift, introducing flexibility to 
relieve the steric ^%Me interaction.
(2) Rotation about C = N bond so as to allow,
64
(3) nucleophilic attack forming the tricyclic system L
L
47 b
-  49 -
t\)
64
NH
CH.
f iii^ C H
Cu
2+
■>
Cu L
65
Fig.35
5 0 “
The small, innermost 12-membered ring and the unfavourable disposition of
the pyridine nitrogens prevents coordination to a metal.
64
Treatment of macrocycle L with Cu (II) leads to a metal ion induced
ligand rearrangmént. Thus the mononuclear complex of the new macrocycle
65  ^  ^ 64
L was produced in which L has rearranged from a tricyclic (7+12+7) to
a tricyclic (15+6+3) system. The 15-membered ring formed as a result now 
has four nitrogen donors disposed in an approximate plane and can accom­
modate Cu (II) in a square pyramidal geometry, as evidenced by X-ray
1 04
S t r u c t u r a l  s t u d ie s
Sr (II) and Ba (II) will template the reaction between DAP and
1,3-diaminopropane in methanol producing the macrocyclic complexes of
50 195
general formula M L (C10^)2 . This 20-membered macrocycle is a
4 9
close relative of the 18-membered L . Both, on transmetallation form 
only binuclear Cu (II) complexes (discussed in the binuclear section).
If DAP and diethylenetriamine are reacted at room temperature, in
the presence of the alkaline earth metal ions Mg (II) - Ba (II) , mono-
24  ^  ^ . 24
nuclear complexes M L (CIO^)^ are obtained, where L is an open-chain
product containing two terminal primary amine groups. Transmetallation
169,170
at this stage leads to the seven-coordinate Mn (II) - Zn (II) 
complexes discussed previously.
'NH^ H ^ N
.24
-Ba
Fig.36
The open-chain complexes [_M L ](C10^)2 (M = Ca (II), Sr (II),
Ba (II)) can be used as precursors to the ring-contracted product via
196
a transamination mechanism.X-ray analysis of the Ba (II) complex 
subsequently revealed that this product contained the 18-membered
53
di-imine. Fig.36, form and not the 24-membered tetraimine macrocycle L 
66
L can be formed by addition of the secondary amine groups across neigh­
bouring imine bonds with concomitant extrusion of two 5-membered 
imidazolidine rings. The failure of Mg (II) to facilitate ring-closure
can be understood in terms of its 1.80&, eight-coordinate diameter
66
being too small for the macrocycle, even in its L ring-contracted form.
The chemistry leading to the macrocycle L closely shadows that des-
53-
cribed for L with the exception that ring-contractions cannot occur
on replacing NH of L ^ for the oxygen of L . Mg (11), Ca (II) or Ba (II)
. . ■ • . . 26
effect a template reaction producing the open-chain ligand L (described
earlier). Only the large Ba (11) ion of [Ba L ] can be used a pre-
r 5 hr -| 197
cursor to the transaminated macrocyclic product, [BaL j|_ C10^J2'3H20
. 56
Quite recently the macrocycle L has been observed to undergo
analogous ring expansion and contraction controlled by the cavity size
198
requirement of the template metal ion used . Thus, Pb (II) produces
the 18-membered ring-contracted macrocycle ,(24)—  Fig. 37, as confirmed
by X-ray diffraction studies. Use of Ba (II) in the template reaction
dictates that the macrocycle be expanded to its 20-membered isomer (25)
198
(n.m.r. evidence)
Macrocycle with both its trime thine ’ends’ well separated by
the ether linkages seems aptly equipped for binuclear chemistry. However, 
it does form stable mononuclear- complexes with transition metals Fe (II)
Co (II, III) and Cu (II). The ligand twists so that both trimethine 
entities are disposed mutually at right-angles. The ether oxygens are 
not used in coordination Fig.38.
(2 4 )
( 2 5 1
Fig.37
M = Fe(11),Co(11),Co(111) 
C u ( l l )
Fig.38
The Fe (II), Cu (II), and Co (II) complexes are all low-spin and it 
it thought that it is the large C.F.S.E. stabilization, gained by adopting 
this geometry which is the overriding thermodynamic driving force.
The dipositive ions of Ca, Sr, Ba and Pb produce mononuclear com-
57a b 200
plexes of L ? , by template methods analogous to those already described
More recently members of the lanthanide series have also been used to
201
synthesize this and other members of a homologous series of the macrocycle
The importance of the size of the template is illustrated by the
failure of Mg (11) to produce macrocyclic products. In the case of Ba (11)
1:1 and 1:2 metal:macrocycle ratios are found. N.m.r and X-ray structural
200
studies in accord with a structure involving eleven-coordinate Ba (11)
Recently mononuclear Cu (11) complexes of the pyrrole - based
58 59 60
Schiff-base macrocycle L , L and L have been obtained. X-ray 
structures show the Cu (11) to be in a square-plane using two imines and
two deprotonated pyrrole nitrogens, thus rejecting two potentially co-
202
ordinating imines , Fig.39.
N
N/7
Fig.39
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BINUCLEAR COMPLEXES
As has already been noted, 2,6-DAP and 2,5-DFF will react, in the 
presence of large alkaline earth metal ions, to produce good yields of 
mononuclear complexes of [2 + 2_] macrocyclic products. Binuclear com­
plexes can be achieved by replacement of the single template ion in a 
metathes/s reaction with transition metal ions, particularly the stereo­
chemically non-demanding Cu (II) ion.
Pyridine, Furan and Pyrrole-based Macrocycles
The ligands concerned are listed in, Fig.32. Template reactions 
producing [2 + 2^ condensations are not unique to the alkaline earth 
metal ions. I have already described template synthesis on Ag (I) pro­
ducing a [2 .+ 2]macrocycle j y , in contrast to the[l + ijproduct
185 54
obtained with first row transition metals . L will not be discussed
further in this chapter since it forms part of the subject matter of
this thesis.
52 *
L is synthesized in a similar fashion producing a di-Ag (1)
complex where each Ag (I) is thought to be four-coordinate using three:
202
nitrogens and one sulphur donor .
55 .
Di-Pb (II) complexes of L have also been prepared via template
137
procedures ,
Several comparisons can be drawn within this series of macrodycles. 
They all contain rigidly planar and powerfully chelating 'jaws' situated 
on the North-South axis as drawn. In each case tridentate moieties 
are linked by two flexible chains which may or may not furnish other 
potential donors. ^
b5 -
Binuclear Cu (II) complexes have been isolated for all macro­
cycles. Each Cu (II) ion is bonded to one of the trimethine units and 
53a 54
may (L , L ) or may not make use of other donors in the macrocycle.
Each Cu (II) therefore has three donors at the three corners of an
approximate square plane. Frequently the fourth site of each square-plane
is simultaneously occupied by a single ligand behaving in a bridging manner
intramolecularly between the two metal centres. By altering R, as in this
series, it is possible to vary the inner macrocycle ring from 18 (L ) to 
55
30 (L ) atoms. In this way we can synthesize macrocycles of increasing 
cavity size to accommodate a range of bridging substrate molecules. X-ray 
diffraction studies have revealed the existence of exogenous OH , OMe , Ng
and imidazolate (im ) bridges, and a single case of an endogenous'RO bridge.
_ , 51 52 55
The im bridges occur with the macrocycles L , L and L . . As
52 55 203,204
far as Cu (II) is concerned X-ray structures (L and L ) confirms
I
that the metal ion exists, in the same coordination environment in each case
(Cu ... Cu separations 5.87 and 5.99^ respectively). Magnetic suscept-
_ _i
ibility measurements give J values of -21.2 cm and -21.0 cm , respect­
ively. The presence in both complexes of well-resolved seven-line 
e.s.r. spectra at the AM = 2 transition for DMSO/MeOH frozen solution
confirms the occurrence of antiferromagnetic coupling and implies retent-
. - . . 205
ion of the im bridge in solution .
It is noticeable that bridging im is only obtained where the inner
macrocycUcring contains 24 atoms or greater. The smaller 18 and 20-
49 50
membered macrocycles L and L thus appear best suited for the accom­
modation of the smaller single-atom bridges e.g. OH”, OMe ,1,1N3~, this 
is borne out by the complexes of both these ligands, moreover such
bridges may only be accommodated when the macrocycles fold so that the
o 195,206
two trimethine planes intersect at angles appreciably less than 180
r 50 -|3 +
The X-ray structure of |_Cu2L (OH) (H20)J shows a Cu ...Cu separation
- bb
of 3.145£ and the Cu —  0(H) — - Cu angle to be 110.3(7)°. Magnetic 
studies reveal antiferromagnetic interaction between the coppers:
-1 -i
J values for bridging OH and OMe are -32 cm and -53 cm respect­
ively, while e.s.r. data confirm the integrity, of the bridged structure 
in solution. It seems likely that the enhanced coupling for the OMe 
case is due to increased electron density on the bridging oxygen atom.
The suitability of the larger macrocycles for accommodation of 
larger substrates has already been examined. However, there comes a 
point when the increased flexibility, conferred by the introduction of 
more atoms to R (i.e. increasing ring size), allows the ring to fold
in a concertina type manner and therefore accommodate also the single
55
atom bridges. Thus L (a 30-membered macrocycle) produces
fcu2L (OH) (H2O) (C10j+)] with a Cu ...Cu separation 3.57& compared
to 5 .99S for the y-im complex of the same macrocycle. The Cu-0(H)-Cu
• o • — 2. ^
angle is 141.7(7) . With J = -120 cm , antiferromagnetic coupling is
r 50 -i3+ 50
larger than in the analogous |_Cu2L (OH) (H20)J , where L is a
20-membered macrocycle; Cu ...Cu separation 3.145^ and Cu-0(H)-Cu angle
110.3(7) . Given that the Cu (II) ions in each conplex have the
same coordination enviroment, the difference in coupling has been
55
attributed to the increased Cu-0(H)-Cu angle observed for L , thus
facilitating increased overlap of magnetically important orbitals.
The sole example to-date of an endogenous bridge in these macro-
207
cycles was recently described by Fenton and McKee . X-ray diffract-
r 56 3^4-
ion studies onLCu2 (L -H) (MeCN) (H20)J have shown each tetragonal
Cu (II) to be bridged by one deprotonated ROH, Fig.40.
The complex incorporates several features of the oxidized haemo- 
cyanin (He) active site: Tetragonal Cu (II); Cu ...Cu separation 3.642^ 
compared to ca 3.6^ for He; and both contain a single endogenous OR
- 5 7 -
0
Fig.40
H
N =
Mn
0
Mn
Fig.41
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and low magnetic susceptibility. The usefulness of this complex as a 
structural model for He and type 111 Cu proteins in general is there­
fore apparent.
53b
The introduction of pendant donors to the macrocycle L has been 
208
briefly reported ; di—Cu (II), Ni (II) and Co (II) complexes have 
been achieved.
Condensations of higher order, namely [^ 4 + 4 %  have recently been
communicated . It was observed in the crystal structure of a Mn (II) 
56
derivative L . The 40-membered macrocyle is found wrapped around a 
tetra - Mn (II) core. Fig.41. Each endogenous R-0 is in contact with 
three Mn (II) ions. The structure of the core is reminiscent of the 
Fe-sulphur cubes of the naturally occurring ferredoxins. The synthesis 
of a complex where Fe is replaced for Mn and RS for RO , if possible,
will prove interesting.
The furan and pyrrole based macrocycles have been prepared and form 
binuclear Cu (II) and Co (II) complexes. In passing it should be noted
that the smaller 18-membered macrocycle (R = (CH2)2 , X = 0) failed
46
to form binuclear complexes
5.7 a 5?b
Binuclear encapsulation of the transition metals by L ’ does 
not involve coordination of the furan oxygen atoms. Each metal is thus 
bound by only the two imines on one side of the macrocycle in an East- 
West relationship. As a result, these systems have the potential to bind 
two bridging substrates so as to obtain a coordination number of at least 
four. When necessary monodentate ligating groups have been used to
achieve higher coordination numbers. Thus bridging substrates OR ,
46 . . 57a
R = H,Me,Et Pr have been observed for a di-Cu (II) series of L
The di-y-hydroxo Cu (II) complex is the precursor to a number of
di-bridged Cu (I) complexes, Cu^L ^ , X = Cl , Br , I , N3 , NCS ,
r 5?a '12+ 205
prepared simply by heating |_Cu2L (0H)2J in the presence of NaX
- 5 9 -
This facile reduction has been traced to the preferred conformation
of the macrocycle and therefore represents a further example of ligand-
controlled chemistry. The most strain free configuration is achieved when
the macrocycle is coordinating to a tetrahedral metal centre like Cu (I)
rather than the square-based Cu (II) . An alternative way to reduce strain
occurs when the metal centres adopt a trigonal bipyramidal arrangement,
57a , 46
e.g. as in[ Cu2 L (OR)^ (NCS)2J , R = Me, Et, Pr. A series of tetra-
57a .
hedral and trigonal bipyramidal di-Co (11) exist for L with numerous
bridging substrates, X = OH , OMe , OPr , OBu , OPh , SEt , Cl , Br ,
_ 209 _ _
Ng , NCS , NCSe . Again the NCS and NCSe derivatives will be
treated subsequently. Antiferromagnetic exchange interactions have been
210 209
noted for the di-Cu (II) and tetrahedral di-Co (II) complexes
When X = NH and R = (CH^)^, (CH2 )s , (CH2)g homobinuclear com-
61 202 
plexes of the formlCu2 L (OMe)21 have recently been reported . Like
the mononuclear analogues (R = (CH2 )s, etc.,) the pyrrole NH becomes 
involved in coordination by deprotonation. Two potentially coordinative 
imines are ignored, see Fig.42,
Fig.4%
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THIocYANATE : an ambidentate ligand
The thiocyanate ion, NCS , represents the anionic component of the 
parent thiocyanic acid, said to exist ; as two tautomers - thiocyanic
oc p7 1 1 0 101 ,
acid (26) ’ ' and iso-thiocyanic acid,  ^(27)-Fig .43 . X-ray structural
2.12
studies of the crystalline KSCN derivative suggest that the free ion
is linear and exists as a hybrid of S-C = N and S = C = N . For thio­
cyanate compounds in general, the stabilization of one canonical form in 
preference to another will depend on the chemical environment Thus
charge may be located formally at either end of the ion producing, as a
. ■ . . . 107
consequence, its familiar ambidentate character . Similar studies
- 213
on complexes containing coordinated NCS have shown that this approx­
imate linearity is maintained in most of its compounds. In addition, it
• ' ohas been observed that the M — N-C angle is normally 180 while the
M -— S-C angle usually approaches 90°.
From the classical point of view the chemistry of the thiocyanate
214
ion was interpreted as that of a halide-like point charge . In more 
recent years the emphasis of research has shifted to the study of its 
ambidentate bonding capabilities and the search for structure/physical 
property correlations.
As a versatile, ambidentate ligand, NCS presents five basic 
bonding modes. Fig.44
H -  S - C = N  4- - - - - H — N = C  — S
(26)  (27 )  ,
Fig.43
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Fig. 44
The terminal nitrogen and sulphur bonding modes (1) and (2)
together with the 3-atom bridging configuration (3) are used in almost all
of the known thiocyanate complexes. In stark contrast, coordination in
a single-atom bridging fashion (4) and (5) between two metal ions has
been rare and,until 1979,unknown. There are five examples of structurally
215-219
defined complexes containing the N-only bridging mode (4) and one
220
of the S-only bridging mode (5) .
N-only bridging was first realised by Cotton in 1979 following the
X-ray structural analysis of the *m-ixed^.valence metal-metal bonded anion 
3- 215
[Re2 (NCS)iQ] and subsequently by Reedijk in [Cd2 (NCS)i^(4--t-butyl-
216 57a 217
l,2,4-Triazole)]= (1982), by Nelson in [C02L (OEl)(NCS)3] (1983)
218
by Tasker and Lindoy in [Ni (macrocycle)(NCS)232 (1983) and by
219
Reedijk in a series of complexes [Mg (1,2,4 triazole) (NCS)6 (HaOa] 
when M = Ni(H)jGo (II), Mn (II) (1984). The unique example to date of,
S-only bridging remains that demonstrated by Nelson et al in [Cu2L^^^(SCN)2]
2:
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216
(1981). With the exception of Reedijk's Cd (II) polymer and Lindoy's
218
Ni (II) dimer where crystal packing effects may operate, the occurrence
of the single-atom bridging modes can be ascribed to an enforced close
proximity of the metal centres which precludes formation of the 3-atom
bridge (3)-Fig.44. Of particular relevance to this review is the fact
57a 57a
in the,cases of CC02L (0Eï)(NCS)3] and [Cu2L (SCN)23 it is the small
macrocyclic cavity that is responsible for the small metal ... metal 
separations (3.116(hJ& and 2.796(8)R respectively). The choice of nit­
rogen as the bridging atom in the di-Co (II) complex and sulphur in the 
di-Cu (I) is a reflection of the class 'a' or *b' nature of the metals
concerned, Fig.45. . Analogous single-atom bridged selenocyanate, NCSe ,
217,221
derivatives are believed to exist in both cases
57a 220
[CU2L (SCN)2]
sc
N
N
C
s
57a 217
[C02L (0ET)(NCS)3]
Fig.4?
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Despite the small number of structurally defined examples of mode
(4)— Fig.44; a simple physico-atructural correlation based on infrared
data is already emerging. I.r. spectroscopy of coordinated NCS has
' . 222
been extensively reviewed . There are three normal vibrations for
coordinated NCS - v^g ^NCS* these has been the most
heavily studied because it is normally a strong absorption which
-1
falls around 2050 cm - a part of the i.r. spectrum which is usually 
free of potentially interfering ligand vibrations. This is not the 
case for the weaker, lower energy and particulary v^g vibrations.
The frequency and their structural assignments for the first row 
transition metals are summarized in. Fig.46.
Examination of Fig.46 shows that all types of coordination 
involving sulphur have overlapping regions (2, 3, 5). Terminal nitrogen
-i
bonding occurs at lower frequencies 2030 - 2080 cm . However, the most 
striking feature is that (with the exception of ref.218 for which no i.r.
data is reported) all the known N-only bridging thiocyanates exhibit the
. "1 -1215.
absorption at frequencies below 2000 cm (1885 cm is the lowest
recorded as expected for the high oxidation state in the complex) - well
removed from the more familiar regions associated with NCS . So low,
infact, is in these complexes that when first encountered by 
223
Cotton et al in 1967 it was erroneously assigned as a frequency
of a carbonyl group, only to be corrected twelve years subsequently on the
215
basis of an X-ray crystal structure
^CN
KNCSCTF
Œ3CXI C3:
2200 2 000 1800
Fig.46
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TABLE VI
Binuclear Site Enzyme Function
Cu Cu Haemocyanin rev. O2 carrier.
Cu Cu Tyrosinase monooxygenase,
Cu Cu Laccase oxidase.
Cu Cu Ceruloplasmin oxidase.
Cu Cu Ascorbate oxidase oxidase.
Cu Fe Cytochrome-c-oxidase electron transport.
Cu Zn Superoxide dismutase O2 disproportionation.
Fe Fe Haemerythrin rev. O2 carrier.
Fe Fe Rubredoxin O2 transfer in photosyn.
Ca Ca Thermolysin structural.
Mo Mo Nitrogenase 6-e reduction of 
N2t»-2NH3.
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BINUCLEARITY IN NATURE
There are many metalloproteins in which enzymic activity is 
dependant on the occurrence of a bimetallic active centre. The metals 
present may have an active or passive function. Table VI summarizes 
some of the binuclear active sites known.
As is readily apparent, even from a small group of proteins such 
as those in Table VI , the copper ion is involved in a wide range of 
biological processes. Very often a large but even number of Cu atoms 
are found per protein molecule. For the copper proteins copper is 
usually found as one of three types.
TYPE 1 COPPER ("Blue-Copper Centres")
These intensely blue (for Cu) species exist in an unusual non- 
pi anar (tetrahedral) coordination geometry comprising two thioether
( cysteine and methionine) and two unsaturated nitrogen (histidine).
. 224,225 .
They can be characterized by (i) an intense absorption near
-1 3
600 mm (e~4000 M cm ) . (ii) An E.S.R. spectrum with unusually small
—  1 — I
hyperfine coupling constants, A^^, (<100 x 10 cm ) and (iii) high
2+ +
positive redox potential for the Cu /Cu couple , reflecting appreciable
stability of the Cu (I) state. In addition n.m.r. studies reveal the
228,227
active site to be relatively inaccessible to solvent molecules 
Plastocyanin (M.W.10,500) and Azurin (M.W.16,000) are copper proteins 
which contain only type 1 Copper. They are found in plant chloroplasts 
and are an essential component of the photo-synthetic electron-transfer 
chain. X-ray structural studies of the active centre exist 
TYPE.2 COPPER
241,244
This copper centre is present in all blue multicopper oxidases. 
They have spectroscopic properties similar to simple Cu (II) complexes 
and exhibit normal E.S.R. spectra.
“  67“
TYPE 3 COPPER (E.S.R. non-detectable)
This site is also present in all multicopper oxidases. It is
characterized by; (i) the occurence of two copper ions in close
proximity; (ii) absence of an E.S.R. signal, which is a manifestation
of strong antiferromagnetic coupling interactions. It can thus act
as a two electron donor/receptor and is essential to the reduction of
dioxygen. The type 3 site also exhibits an intense 330nm absorption 
—1 3
( r- = 3000 - 5000M cm ).
In addition to types 1, 2 and 3 there are non-blue copper proteins. 
They exhibit properties similar to type 2 copper but differ significantly 
from one another with respect to prosthetic groups, quaternary structure 
and reactivity.
THE PROTEINS 
Haemocyanin
Despite their name these oxygen carrying proteins do not contain
a haeme group. They have very high molecular weights and are found in
m o llu s c s  and a n th r o p o d s  , In t h e  r e d u c e d  Cu (I) s t a t e  t h e y  a r e  c a p a b le
of binding one mol of dioxygen per pair of copper ions. The two Cu (I) 
o 228,229
ions are 3.4A apart . Oxidation produces a change in both co­
ordination and geometry to give two tetragonally coordinated type 3 
Cu (II) ions (b3.6&229"231 _ separation) bridged by an endogenous RO 
(probably from serine) and by exogenous dioxygen as/A-1,2-peroxide, 
Fig.47.
His
His
Fig-47
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TYROSINASE:
This is a.type 3 active site protein with mixed functions. It
223
will reversibily bind dioxygen j dismutate peroxide, catalyse the two-
electron oxidation of £ - diphenols to ^ - quinones (catecholase activity)
and the monooxygenation of mono-rphenol to - diphenols (monooxygenase/
234
cresolase activity). The active site is similar to haemocy anin ;
however, the oxidative functions of tyrosinase require an increased
234
substrate accessibility to the metal centres
LACCASE:
Extracted from the tree enzyme Rhus verniciferus, laccase, which 
contains only one of each type of Cu, is the simplest of the multicopper 
oxidases. It has a molecular weight of 110,000 and it catalyses the 
oxidation by dioxygen of diphenols and aromatic diamines. In the process 
dioxygen undergoes a four-electron reduction to water. The electrons are 
thought to enter at the type 1 copper site, causing oxidation of substrate
Reduction of Og to H2O occurs at the type 3 centre in two-electron
232
steps . In contrast to haemocyanin and tyrosinase, laccase binds
dioxygen as a hydroperoxy species to only one of the copper centres.
235
Interaction with a nearby type 2 centre is suspected , Fig..48.
As it is water-soluble and easily purified it has proved to be 
particularly convenient in the study of the cooperative activities of 
each of the three types of copper.
CERULOPLASMIN:"
Ceruloplasmin, another multicopper oxidase, is the major copper-
236
containing protein of mammalian blood plasma . With a molecular
weight of 134,000 it contains two type 1, one type 2 and four type 3 
232
copper sites . It catalyses the four-electron reduction of O2 to water 
Its physiological role is thought to be the oxidation of Fe (II) and 
transport of copper for incorporation into the cytomchrome - c-oxidase
-69“
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active centre (see later) . Wilson’s disease which affects the liver, 
the nervous system, and mental stability, is caused by high copper con­
centration in the cell. Such high concentrations are associated with a 
genetically derived inability to synthesize apoceruloplasmin (i.e. without 
metal centre) so that transfer of copper to the protein cannot occur. 
Treatment involves injection of chelating agents such as pencillamine 
to form water soluble, excretable, copper complexes.
ASCORBATE OXIDASE:
This enzyme is yet another blue copper oxidase which occurs 
widely in plants. It contains eight copper ions per molecule - three 
type 1, one type 2 and four type 3. It has a molecular weight of 14,000.
It catalyses the oxidation of ascorbic acid (vitamin G) to dehydro-
232
ascorbic acid
CYTOCHROME-C-OXIDASE:
Cytochrome-c-oxidase is an example of a heteronuclear Cu/Fe 
239
enzyme . It is the terminal enzyme of the electron transport chain 
in mitochondria, coupling the respiration process to oxidation by mole­
cular oxygen. Four metal centres two iron and two copper ions are 
found in this enzyme which is difficult to study as it is anchored to 
the mitochondrial membrane. The enzyme functions by accepting electrons 
from ferrocytochrome c amd then donating these electrons to dioxygen.
The magnetic properties of the oxidized form leads to the conclusion that
5 9
the active centre contains Fe (III) (d ), Cu (II) d and high-spin
Fe (III) ... Cu (II) pair showing antiferromagnetic coupling
-I 239 , , _
(J > -200 cm ). Various candidates such as im , SR , OR , OH have
been considered as bridges between Fe and Cu, but the actual bridge
remains to be elucidated.
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SUPEROXIDE DISMUTASE;
This enzyme is a widespread copper protein which has the pro­
tective function of catalysing the disproportionation of the toxic 
superoxide ion, O2 :
2O2 —h 2H O2 "h H2O2 .
Hydrogen peroxide is then scavenged by the enzyme catalase. Depending 
upon the source the enzyme is found to contain Cu - Zn, Fe - Zn or 
Mn - Zn couples. Most studies have concentrated on bovine erythrocyte 
superoxide dismutase. It has a molecular weight of 31,200 per subunit
(2 subunits per molecule), and contains copper linked to zinc by an
245
imidazolate to the tetrahedral zinc , Fig.48. The role of the zinc
appears to be , structural in the formation and stabilization of the 
246
active site .
HAEMERYTHRIN:
Contrary to the name, haemerythrin is another of natures non-haeme 
answers to the oxygen-carrying question, employed by several marine 
invertebrates. Each of its eight subunits contains two iron atoms
capable of binding one molecule of dioxygen. In oxyhaemerythrin the irons
-1 247 , 248
are antiferromagnetically coupled (J >77 cm ) . Structural studies
of azidomet - derivatives have revealed the y-oxo-bridged structure. Fig.43
Accepted views are that oxyhaemerythrin has a similar structure in which
O2 takes the place of N3 .
2Fe2S FERRODOXINS:
The larger 4Fe and 8Fe 88 ferrodoxins are excluded from this dis­
cussion. Adrenodoxin (M.W.13,000) is a 2Fe 25 ferredoxin derived from 
animal sources (from the adrenal cortex) which plays an electron trans­
fer role in the hydroxylation of steroids other examples exist from 
plant sources - rubredoxin (from spinach). Here they play important
-71-
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electron transfer roles in photosynthetic processes of the chloroplast
o 250
Studies of models suggest an Fe ... Fe distance of 2.7A and anti­
ferromagnetic coupling(J'^“183 cm
THERMOLYSIN;
Thermolysin is a bacillus zinc endopeptidase of molecular weight
34,600, The protein contains four calcium ions two of which are in close
proximity (3.8^), The calcium plays a structural role imparting
stability even at high temperature - apoenzygme stable up to 40°native 
oenzyme up to ^^ 8^0 .
Mo - Mo in NITROGENASE:
Nitrogenase is made up of two proteins one containing iron, the
other iron and molybdenum. Strictly speaking, the Mo - Fe protein contains
254
a metal cluster. Structural studies on models suggest each Mo is 
involved in a MoFegS^ cluster with the two Mo atoms bridged by three 
sulphur atoms. Fig.48*
J I
Fig.48.
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The compounds described are only typical examples of binuclear 
chemistry in life processes. Numerous variations (depending on source) 
exist for each protein. Many known examples have had to be omitted, 
undoubtedly some yet remain to be found. The message for a coordination 
chemist that binucleating ligands, are valuable not just as synthetic 
models for the less manageable natural systems, but are probes for mag­
netic and electronic exchange mechanisms. They are also important as 
potential catalysts in the oxidation of organic substrates.
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COPPER COMPLEXES AND CATALYTIC . OXIDATIONS :
Attempts have been made to mimic the O2 ability of natural systems 
and copper complexes have been found to activate molecular oxygen to­
wards electron transfer on a variety of organic substrate oxidations.
Some of them are now briefly considered.
CATECHOLS ;
Catechol is a two-electron reducing agent whose oxidation to
252,253
quinone. Fig.49, is catalysed by Cu (II) and in particular by
254
binuclear copper systems .
255
Studies by Lever on di-copper complexes of the phthalazine
ligand have shown these sytems to possess catecholase activity. He
associates the catalytic properties with the binuclearity of the system.
It is one of a growing number of synthetic, catalytic copper systems in
which the binuclear framework retains its integrity upon reduction to 
256,210
Cu (I) . Phenolase activity been discovered. The system therefore
257
resembles the activity of the type 3 copper protein tyrosinase 
2 58
Rogic found that induction periods (i.e. initial inactivity) 
for such reactions could be circumvented by using the oxidation product. 
Fig..50, of CuCl in methylene chloride with four moles of pyridine as 
a catalyst. The inference being that ready-made, binuclear entity like
[cu"^^^Cu] is the active species.
^ 0  259 . ' .
Vigee and Bolus have studied a number of catechol oxidations
for several macrocyclic and related acyclic binuclear copper (II) com­
plexes, Fig.51. 02-uptake measurement were more complicated 
(>0.5 mol O2 per catechol) than expected for the simple formation of
quinone. The acyclic di-copper complexes. Fig.52, proved more efficient
3
catalysts than their macrocyclic counterparts but even they are '^ 2 x 10 
times less reactive than tyrosine itself.
- 7 5 -
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Again it is the binuclearity of the systems which is thought to be 
important for the catalytic function, the enhanced activity of the acyclic 
systems being a reflection of the accessibility to labile sites.
Fenton et al have observed similar catalytic behaviour for bi-
260  ^ 210 
nuclear complexes. Fig.53 ,while Nelson et al have observed such
5?a
properties in a macrocyclic (L ) di-copper system.
For CuCl/Pyridine/ROH systems the oxidation of phenols, catechols
to o-benzoquinones to ring-closed muconic acid monoesters is 
258,261,262
known , Fig.53.
- 2 e
2. R -I+ - I  ------->
C O O R  
CO OH
-6e
R 0. + M e O H  R D O R
O O H
Fig.53
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The first step (1) will occur only in the presence of O2 while 
Lho others can occur in the presence of tlie Cu (II) catalysts even 
without O2 .
OTHER OXIDATIONS;
Most copper-catalyscd reactions with phenol produce coupled or 
263,264
polymeric products (1)- Fig.54. CuCl/pyridine slurries are known
265,266
to catalyse production of a range of polyphenoxide materials
Hay found that the Cu (I) halidey02/fyridine systems would initiate
266
oxidations of aniline to azobenzene and polyazobenzene products
Oxidative coupling of secondary amines using the CUCI/O2/ pyridine
system yields the dimeric product (2)-Fig.54 while o “phenlylenediamine(3)
undergoes ring cleavage giving cis, cis-mucononitrile.
Hydroquinone(4), acetylene(5) and thiols(6) have all been seen to
%(o
undergo catalytic oxidations. Fig.54.
Recently Karlin and associates have discovered a synthetic di­
copper system capable of simulating the monooxygenase activity of the
copper proteins tyrosinase and dopamine $-hydroxylase which mediate the
272
hydroxylation of organic substrates utilizing O2 as an oxygen source
In his system the 3-coordinate dimeric Cu (I) compound (2)-Fig.55, when
exposed to O2 results in a di-Cu (II) complex of the hydroxylated ligand
( 3 ) - F i g . 5 5 .  When performed in inert solvent double-bridging by one
273-276
phenolate 'and one hydroxide is found . Isotopic studies using
'■
0^ have shown that both the phenolate and hyrdoxide oxygen atoms come from 
the one mol. of-molecular oxygen atoms that is consumed.per di-Cu (I) 
complex.
The di-bridged di-Cu (II) compounds are, in themselves models for
the oxidized form of haemocyanin. Effort is presently being directed at
275
the oxidation of organic substances other than the ligand . Evidence 
exists , from the reaction of the di-Cu (I) derivatives containing the ’new' 
hydroxylated ligand, (4)-Fig.55, for the existence of di-Cu (II)
277
peroxide-bridging intermediates in the reaction of O2 with di-Cu (I)
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(Binding of superoxide, O2 , is now known with a mononuclear Cu (II) 
complex 278),
These studies and others have sho\m that the best catalysts for
copper-based oxidations are those which employ binuclear, square-based
271
antiferromagnetically coupled , Cu (II) sites with at least some labile
ligands.
270
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CHAPTER 2 - EXPERIMENTAL
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EXPERIMENTAL
ORGANIC SYNTHESIS
2,6-Diacetylpyridine (DAP)
This was obtained from the Aldrich Chemical Company Ltd., and used 
without further purification.
Infrared Spectrum
-1.
Inter alia: 3070, 2970, 1705 ,600 (cm )
2,5-Diformylfuran (OFF)
This compound was prepared by the modification of existing 
280 281
preparations * . Sucrose (100 g) was dissolved in water (300 ml),
o
hydrated oxalic acid (0.7 g) was added and the solution heated to 145 C
in an autoclave under 3 atm of air, maintained at that temperature for
15 minutes and then heated at 125 C for 2.25 h. After cooling to room 
temperature and neutralization with CaCOg, basic lead acetate (5 g) was 
added and the solution stirred for 1 h. The precipitate was removed by 
filtration and the clear filtrate extracted with ethyl acetate (6 x 500 ml) 
The combined extracts were dried (MgSO^), filtered and evaporated to dry­
ness yielding the product, 5-hydroxymethyl-2-furancarbaldehyde, as an 
orange syrup (12 g). This was used for the next stage without further 
purification.
5-Hydroxymethyl-2-furancarbaldehyde (6 g) was dissolved in 300 ml 
toluene (dried over molecular sieves) and freshly activated manganese 
dioxide (below) (45 g) was added. The mixture was stirred and refluxed 
for 6 h, after which the solution had changed colour from deep orange/ 
brown to yellow. The solution was cooled, manganese dioxide removed by 
filtration and washed with 1,4-dioxan until no further yellow colour 
appeared in the washings. The combined washings plus filtrate were 
rotary evaporated to dryness, g i v i n g  2 , 5-difomiylfuran as a pale yellow
-en
The compound was recrystallized from chloroform/carbon tetrachloride, 
and then sublimed at ca 60° C/0.45 mn Hg as a fine white powder. The pro­
duct was characterized from C, H, N analysis, n.m.r, i.r. and mass spectra. 
Analysis Calc: C 58.0 H 3.2%
Found: C 57.6 H 3.4%
Infrared Spectrum
Inter alia 3140 (C - H), 2860 “ J) » 1680 (C = 0) C5)
- 1
1510, 1410, 1260, 800 (cm )
H n.m.r Spectrum
Protons ppm
10.1 (S)
7.5 (S)
Mass Spectrum 
m/e
H
in CD ÇI3; Solvent
2
H
1
124
Preparation of Manganese dioxide
282,283
The compound was prepared by literature methods . Concent­
rated aqueous potassium permanganate was added to a stirred aqueous solution 
of manganese (11) sulphate above 90° C until a slight excess of potassium 
permanganate was indicated by a pink colouration of the supernatant 
liquid. Stirring and heating was continued for 0.25 h. The oxide was 
then collected by filtration and washed well with hot water. The product 
was thoroughly dried in an oven at 120-130° C and, just before use, ground 
to a fine black powder in a well ventilated fume cupboard.
0^
3,3'-Diamiiiodipropylamine II2N(CH2)3N(H) (CII2)3NH2
The amine was used as obtained from the Aldrich Chemical Company Ltd
3,3'-Diamino-N-methyIdipropylamine H2N(CH2)3N(CH3)(CH2)3NH2
The compound was used, without further purification, as obtained 
from the Aldrich Chemical Company Ltd.
1.5-Diaminopentane H2N(CH2)sNH2
The compound was used, without further purification, as obtained 
from the Aldrich Chemical Company Ltd.
1.6-Diaminohexane. H2N(CH2)gNH2
The compound was obtained from the Aldrich Chemical Company Ltd 
and used without further purification.
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3~0xapentane-l,5-diamine (NON) H2N(CH2)2 0 (CH2)2NH2
This li&and was prepared by a method based on that described for
2 ,6-dioxaoctane-l,8-diamine in ref.42.
Phosphorus tribromide (0.53 mol.) was added dropwise to a cooled, 
stirred solution of diethylene glycol (0.68 mol.). A white precipitate 
developed, and the mixture was stirred overnight at room temperature. The 
precipitate was filtered off and the pale yellow liquid was carefully dis­
tilled under water vacuum, yielding 3-oxapentane-l,5dibromide (140 g; 0.60 mol
The dibromide (0.60 mol.), potassium phthalimide (1.35 mol.) and 
diethylamine (3 ml) were heated together at 140° C for 3 hours. On cooling, 
the solid mass was broken up and washed with hot water (3 1). The solid 
was then recrystallized from glacial acetic acid with some decolourizing 
charcoal yielding the cream solid 3-oxapentane-l,5-diphthalimide 
(128 g; 0.35 mol.).
The diphthalimide compound (0.35 mol.) was suspended in reluxing 
methanol (11) and hydrazine hydrate (99%) (62 ml) was slowly added pro­
ducing a brown solution. A white solid was precepitated and after 2 hours 
refluxing, hydrochloric acid lOM (144 ml) was added. The methanol was dis­
tilled off and the white solid filtered out leaving a brown solution. To 
this solution, sodium hydroxide pellets (200 g) were added slowly. The 
top brown layer was separated off and extracted with ether (1 1 ) on a con­
tinuous extraction column for 48 hours. The ether was removed and the 
remaining oil was vacuum distilled yielding the clear product (13 g; 0.16 mol. 
at 90° C (1mm Hg). The yield in this synthesis is greatly reduced by the 
formation of large amounts of the heterocycle, morpholine. The product 
was characterized by its infrared and n.m.r spectra.
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Infrared Spectrum
Inter alia 3370 (N - H), 3300 (N - H), 2930 (C - H)
2860 (C - H), 1600 (N - H bend), 1460 (C - H)
-1
1120 (C - H), 105.0 (C - 0), 940, 890 (cm )
n.m.r Spectrum
1 2 3 3 2 1
H H H H H H
\  I 1 I 1 /
N“C — C— 0 —C —C —N
i 2 I 3 I 3 I 2 \  1
H H H H H
Protons ppm Integral
1H 1.4 (s) 1
h" 2.8 (t) 1
n' 3.4 (t) 1
3-Dimethylaminopropylamine (CH3)2N(CH2)3NH2
This ligand was used . as obtained from the Aldrich Chemical Company Ltd 
and required no further purification.
Diallylamine (CH2 = CH)2NH
This was used as obtained from the Aldrich Chemical Company Ltd. 
Infrared Spectrum
Inter alia 3280 (w, br), 3070, 2910, 2800, 1640
- 1
1450, 1410, 990, 925 (cm )
H n.m.r Spectrum (in CD Cl3
Protons ppm Integral
Hi 1.27 (s) 1
H2 3.26 (d) 4
R3 5.83 -
5.99 (m) 2
H^ 5.07 - 4
Mass Spectrum
. .1
“ Ob
3,3*-diallylamino [ethyl/propyl] amine H2N(CH2)^n[cH2CH = CH2]2 ^ = 2,3
(a) Preparation of N-bromOalkylphthalimide
Two mole of l,n-dibromoalkane . (ethyl, propyl) were mixed with
acetone (1 1 ) and brought to reflux. Then, over a period of 1 hour, 
was added, in small amounts potassium phthalimide (185 2 g; 1 mol.). The 
suspension was refluxed for 24 hours. It was then cooled to room temper­
ature and filtered. The filtrate was then rotary evaporated to remove 
actone, yielding a thick, heavy liquid. A small amount of ethanol was 
added and the mixture allowed to stand. After 1 hour a large crop of white 
crystals had appeared. These were filtered off and the liquor rotary 
evaporated to remove excess dibromo compound, and then warm ethanol 
added and the solution seeded. Another crop of white crystals appeared 
The fractions (3) were added together and dried in vacuo, to yield.
83% of N-bromo[ethyl/propylJ phthalimide M.P. 71° C (Lit. 71-72). One 
further crop was obtainable from the liquor. This product was used 
in part (b).
(b)
The N-bromo([ethyl/propylJ phthalimide (0.19 mol.) was added to 
diallylamine (56.6 g; 0.58 mol.) and heated to 140° C with stirring for 
2 hours. Then excess diallylamine was distilled off and recovered, 
ca 150 ml of ethanol added and brought to reflux. Then 18 ml hydrazine 
hydrate was added. After 5 minutes a heavy beige precipitate formed.
After 0.30 h reflux, the ethanol was distilled off and the precipitate 
added in small amounts to 80 ml of concentrated hydrochloric acid, 
producing a white solid. After leaving overnight this was filtered and 
washed with water (200 ml). Addition of sodium hydroxide (with ice- 
cooling) yielded a brown upper layer. This was extracted with ether 
by distillation,the residual oil was vacuum distilled yielding (after some 
diallylamine at 40° C) product (0.1 mol.) at 24° C (2mm Hg) . The product
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was characterized by infrared and n.m.r spectroscopy and used for sub­
sequent syntheses in this state (yield 53%).
Infrared Spectrum
Inter alia 3360, 3280, 3070, 2920 (s, hr), 2800 (s, br)
1640, 1585 (m, br), 1425, 920
H n.m.r Spectrum (in CD Cl3)
Proton ppm Integral
1
H 1.33 CS) 2
2
H 2.49 (t) 2
3
H 2.75 (t) 2
4
H 3.11 (d) 4
5
H 5.77-■5.93 (m) 2
6
H 5. IO­■5.22 (m) 4
H ^ N H
Preparation of EDAAF (C22H 32M4O)
DFF (0.004 mol.) was refluxed in dry acetonitrile with diallyla- 
minoethylamine (0.008 mol.). After 4 hours reflux the reaction (as 
judged by i.r. data) was complete. The orange solution was then rotary 
evaporated to remove all traces of acetonitrile. The resultant dark 
oil was characterized by n.m.r, i.r and mass spectrometry.
Infrared Spectrum 
Inter alia
iR n.m.r Spectrum 3064(m), 2850(s,br), 1636(s), 1442(m) , 820(m) , 800(m)
-87 -
IR: (in CD Gig)
Proton ppm Integral
H- 6.87 (s) 2
8.15 (s) 2
3.71 (t) 4
H" 2.79 (t) 4
3.15 (d) 8
h '^ 5.77-5.93 (m) 4
h " 5.11-5.28 (m) 8
13C: (in CDCI3)
Atom ppm.:. Pattern
(Decoupled) (Off-Resonance)
C^ 135.7 d
c" 153.1 s
c' 150.8 d
4
C 57.3 t
c = 53.7 t
c® 60.0 t
113.8 d
c“ 117.3 t
MASS SPECTRA
m/e (P*)
Preparation of PDAAF (C24H 36N4O)
This ligand was prepared by methods analogous to those for EDAAF, 
using diallylaminopropylamine. The oil was characterized by n.m.r, i.r 
and mass spectrometry.
“ 88“"
Infrared Spectrum
Inter alia 3064(m), 2050(s,br), 1635(s), 1440(m), 1115(m), 795(m) 
n.m.r. Spectrum
(in CD CI3)
Proton ppm Integral
1
H
2
6.86 (S) 2 :
H 8.16 (S) 2
3.61 (t) 4
1.87 ( ) 4
2.50 (t) 4
3.08 (d) 8
5.08-5.20 (m) 4
5.7 -5.90 (m) 8
13C: (in CD Cl 3)
Atom ppm
(Decoupling)
Pattern
(Off-Resonance)
c' 135.9 d
C^ 153.1 S
' c^ 150.2 d
c' 56.9 t
c' ‘ 28.2 t
c^ 50.9 t
c" 60.0 t
c' 113.7 d
9
c 117.2 t
Mass Spectrum 
m/e 396 (P^)
89-
Preparation of J
This ligand was prepared by the same method as EDAAF and PDAAF using 
DFF and 3 ,3 '-dimethylaminopropylamine as reactants. The resultant red-brown 
oil was characterized by n.m.r, i.r and mass spectrometry.
Infrared Spectrum
Inter alia 3090(w), 2850(s,br), 1635(s), 1455(m), 800(m) 
n.m.r Spectra
Ifi: (in CD CI3)
Proton Ppm Integral
1
H 6.9 (S) 2
2
H 8.2 (S) 2
3
H 3.6 (t) 4
4
H 1.9 (p) 4
2.3 (t) 4
Me 2.2 (S) 12
H
3
N
NMe N
13C: (in CD Cl3)
Atom ppm
(Decoupling)
Pattern
(Off-Resonance)
135 d
C2 154 S
C3 151 d
60 t
C5 29 t
58 t
Me 46
Mass Spectrum 
m/e 292 (P+)
“ 90 -
R33N and R33NMe
The reduced ligands were prepared from the parent [Pb2L (NCS)i^ ]
(L = 33N, 33NMe) complexes described later.
[Pb,2L(NCS)ij] (0.0025 mol.) was suspended in 200 ml of refluxing ethanol. 
Excess (0.013 mol.) NaBH^ was added in small portions. The solution was 
filtered to remove the black precipitate and evaporated to dryness on a 
rotary evaporator. The resulting white product was dissolved in a small 
amount of sodium hydroxide solution (0.4g, 0.01.mol. in c£ 5ml) and extracted 
with chloroform (ca 200 ml in 6-8 portions). The resulting chloroform 
solution was washed with water, dried over sodium sulphate and evaporated 
to dryness. The yellow oil was redissolved in methanol and filtered to 
remove any quantities of insoluble white material. Finally, the solvent 
was removed on a rotary evaporator and the product pumped on a vacuum line 
overnight. The product was a brown oil (yield ca_ 60%) pure enough for use 
in subsequent synthesis. The amine was characterized from its mass spectrum, 
i.r and n.m.r spectra.
Infrared Spectrum
Inter alia 3270(m,br), 3040(w), 2905(s), 1588(m), 1568(m), 1470(m)
-1
1440(m), 1170(m), 750(m) cm 
n.m.r spectra in CDCI3
J H
Proton ppm Integral
1
H 7.3(m) 6
2
H 3.8(q)- 4
3
H 2.5(t) 16
4
H 1.6 (m) 8
Me 1.3(d) 12
6
2 .1 (s) 6
* Signal removed with D^O shake. 
MASS SPECTRUM
-y'l —
R33NMe
Infrared Spectrum
Inter Alia 3240(w,br), 3040(w), 2900(s,br), 1585 (m), 1570 (m), 
1450(m,br), 1100(s,br), 750(m) cm
n.m.r Spectrum in COCI3
Broad and not well resolved but outline similar to that of R33N, 
Mass Spectrum
m/e 552 (P*)
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2)2*-Bi-thiazoline (bt)
The ligand bt was prepared by a modification of the method of 
Tomalia and Paige . A mixture of ethanolamine (50 g; 0.82 mol.) and 
dithioxamide (40 g; 0.33 mol.) in ethanol (160 ml) was stirred at room 
temperature until evolution of ammonia had ceased (ca 24 h). The resulting 
dark brown liquid was filtered and concentrated to a semi-solid state. 
Addition of water gave a gold-coloured solid, N , N ’ - b i s - (2-hydroxyethyl)- 
dithioxamide, which was filtered, dried and used in the next stage.
The compound prepared above was slurried in toluene (35 g; 0.17 mol. 
in 250 ml) and thionyl chloride (80 g; 0.67 mol) in two equal proportions 
over 90 minutes. The temperature of the mixture was maintained at 45-50 C 
for a further 2 hours. The resulting yellow solid, 2,2'-bi-2-thiazolinium 
dihydrochloride, was filtered, washed with hexane and dried. The cation 
was neutralized by adding it, in small portions, to a stirred solution of 
sodium bicarbonate in water. The grey precipitate which forms was filtered, 
washed with water and dried. Extraction into hexane and recrystallization 
from ethyl acetate gave a white crystalline compound. The product was 
characterized from analysis, infrared, n.m.r and mass spectra.
Analysis C0H8N2S2
Calc: C 41.8 , H 4.7 N 16.3%
Found: C 41.7 H 4.5 N 16.1%
Infrared Spectrum
- 1
Inter alia 1588 (&), 1440 (m), 1430 (m) (cm )
- 9 3 -
n.m.r Spectrum
H
H? 13c;
Proton ppm
3.37 (t)
4.45 (t)
Atom ppm
cl 33.27
C^ 65.31
C3 161.8
2,2'-Bi-4,5~dihydrothiazine (btz)
Bt^ was prepared in the same way as bt. 3-Aminopropanol was used 
as the starting material for the preparation of btz and the product was 
recrystallized from carbon tetrachloride.
Analysis C2H 12N2S2
N 14.0%
N 13.7%
Calc: C 48.0
Found: C 47.8
Infrared Spectrum
H 6.0 
H 6.0
-1
Inter alia
n.m.r Spectrum
1620 (s), 1445 (m), 1430 (m) (cm )
CD Cl3 solvent
H:
Proton ppm
1.88
2.99
3.86
S
%Ih) N
Atom ppm .
cl 19.63
C^ 25.87
C3 47.90
C^ 158.6
b/4-
2,2'~Bi-2-imidazolinc (hi)
290
The ligand was prepared by the method of Forssel , as modified
291 , .
by Wang and Bauman . Dithioxamide.(20 g; 0,166 mol.) suspended in
ethanol (100 ml) was treated with ethyl bromide (30 g; 0.4 mol.) and stirred 
at 60° C for four hours. After cooling to room temperature, 1 ,2-diaminoethane 
(75 ml;l.l mol.) was slowly added over 1 hour, maintaining a steady evolution 
of cthancdiol. The mixture was heated briefly to 80° C and then stirred 
for 1 hour at 0° C. The resulting crude product was filtered off and re­
crystallized from boiling ethanol. (Yield 75%).
Analysis CgHioN^
N 40.5%
N 40.3%
Calc: C 52.1
Found: C 52.0
Infrared Spectrum
H 7.3 
H 7.3
-1
Inter alia 3190 (s), 1620 (w), 1573 (s), 1495 (s), 1450 (s) (cm )
n.m.r Spectrum
d - DMSO solvent
Proton ppm
r 3.3 (s)L
h 3 3.5 (s hr)
l^C: Ligand was insufficiently soluble in all tried solvents.
The equivalence of H and indicates that in solution the exchange 
between the tautomers shown below is rapid (i.e. faster than the n.m.r time 
scale).'
95
2,2*-Bi-4,5-dihydroimidazine (biz)
Ligand biz was prepared in the same way as bi but using 1,3-diaminopropane 
instead of 1,2-diaminoethane. The crude product was recrystallized from 
carbon tetrachloride (yield 70%). The resulting white crystals were character­
ized from their analysis, infrared, n.m.r and mass spectra.
Analysis
Calc: C 57.8 H 8.5 N 33.7%
Found: C 57.9 H 8.5 N 33.7%
Infrared Spectrum
Inter alia
n.m.r Spectrum
-1
3250 (s, hr), 1665 (w), 1500 (s), 1469 (m), 1439 (m) (cm )
H
H
N
N
in CD Cl3 solvent
Proton ppm
3.2 (d)
Atom ppm
cl 20.67
41.53
c^L
C4 149.54
. a. 3 ^ 3
The equivalence of C and C and of H and H again indicates that all 
atoms are equivalent in the free state. (This evidence is, of course, removed 
in coordination to a metal.
2,2*-Bi-2-oxazoline (bo)
Oxamide (15 g; 0.17 mol.) was suspended in excess ethanolamine 
(75 ml, 1 mol.) and refluxed for 2 hours. The resulting
N,N’-bis-(2-hydroxyethyl)-oxamide was recrystallized from ethanol and the
 ^ . . 292
synthesis was continued by Wenkir’s method , with slight alterations.
70
N,Nl-bis-(2-hydroxyethyl) oxamide was suspended in toluene (100 ml) and heated 
to 60° C. Excess thionyl chloride (40 g; 0,33 mol.) was added in two portions 
Vigorous reaction occurred after addition of the second portion. The mix 
ture was maintained at 60° C for 30 minutes, and then heated for 90 minutes 
on a boiling water bath. The mixture was cooled and the resulting crystals 
of l,2-(dichloroethyl)-o amide were filtered off. This product refluxed 
for 1 hour in a methanol solution of potassium hydroxide, the solution was 
filtered and allowed to cool. 2,2-Bi-2-.oxazolinecrystallized out of white 
needles which did not require further purification (yield 65%). The product 
was characterized, from its analysis, mass spectrum, infrared and n.m.r 
spectra.
Analysis C6H2N2O2
Calc: C 51.4 H 5.7 N 20.0%
Found: C 49.9 H 5.6 N 19.7%
Infrared Spectrum
' —1
Inter alia 1675 (w), 1625 (s), 1475 (m), 1455 (m) (cm )
n.m.r Spectrum
in CD Cl 3 solvent
13C:
Proton ppm
Hi 4.08 (m)
4.46 (m)
Atom ppm
cl ,55.24
C2 68.43
C3 155.78
[cu(CH3CN)j CIO4
293
This complex was prepared by the method of Hemmerich and Sigwart 
7.0 g (0.05 mol.) of CU2O and 16 ml (0.4 mol.) of acetronitrile were re- 
fluxed in 60 ml of deoxygenated 2N HCIO4 until all the Cu^O had dissolved 
(2 hours). The white crystalline product formed on cooling under nitrogen.
y I
it was filtered, washed with cold, deoxygenated acetronitrile and dried under 
astœam of nitrogen, [cu (CH3CN) JciOi, was stored in a sealed flask under
nitrogen.
294
Preparation of (CH3CN)2 Pd CI2
o
Na2 Pd Cli^  (2.5 g) was dissolved in dry acetonitrile (100 ml) at 20 C, 
with vigorous stirring. After filtering off the precipitated NaCl the light- 
red filtrate was rotary evaporated (without heating) to dryness, yielding 
the yellow-orange microcrystalline product.
Infrared Spectrum ^
Inter alia 2975, 2920, 2305, 2290, 1400, 1390, 1010, 400, 347, 285 (cm )
70
The macrocycles 33N and 33NMe
N
N R R N
N
33N : R = H
33NMe : R = Me
Template syntheses
[sr(33N)] (BPhi,)2 and [ca(33N)] (SPhi^ Tz
0.01 mol. M(C10 i^ )2H20 (M = Ca, Sr) was dissolved in ca 100 ml of 
Mg-dried methanol. 6 ml (0.04 mol.) of 3 ,3 —^diamino—dipropylamine was added 
to the warm solution and also 0.02 mol. (3.26 g) DAP. The solution turned 
bright yellow. 0.02 mol. NaBPh* dissolved in the minimum quantity of dry 
methanol was filtered into the warm yellow solution. A precipitate of 
[M(33N)] [ BPhi^]2 started to form within ca i hour and was filtered by 
suction.
Analysis [sr(33N)](BPhi^ .) 2
Calc: C 75.40 H 7.14 N 9.01%
Found: C 75.32 H 7.01 N 9.06%
[ca(33N^(Bph%)2 
Calc: C 78.40 H 7.08 N 9.38%
Found:- C 78.40 . H 7.14 N 9.08%
No perchlorate derivatives were isolated, or was the template effect­
ive when using 3,3^ -diamino-N-methyldiproplainine.
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[ Ag2(33N)][cicj2
The macrocyclic ligand was prepared by the Schiff-base condensation 
of equimolar quantities of DAP and 3,3^-diaminodiproplamine, in the pres­
ence of AgClO^ in refluxing methanol. After ca 12 hours refluxing the 
solution was filtered hot and the solvent removed by slow evaporation on 
standing. On cooling and concentration the required complex crystallized 
out and was recrystallized from acetonitrile - dull yellow crystals.
(Yield 75%)
Analysis Ag£ (33N) (C10 i^)2
Calc: C 38.7 H 4.8 N 12.0%
Found: C 38.6 H 4.7 N 12.2%
[Ag2(33N^[Èph„]2
To an acetonitrile solution of Ag2 (33N)(C10 i^)2 an equimolar quantity 
of NaBPhi^  was added with stirring. Slow evaporation was unsuccessful but 
residue could be recrystallized from a 1*.4 acetonitrile-methanol mixture. 
Yellow crystals. (Yield 63%).
Analysis Ag2 (33N) (Bphij)2
Calc: C 68.3 H 6.2 N 8.2%
Found: C 67.7 H 6.1 N 7.9%
[Ag2(33NMe)J[BPhj2
AgNOg (0.006 mol.) was refluxed in 600 ml methanol; amine (0.005 mol.) 
was added and DAP (0.005 mol.). The yellow solution was refluxed over­
night (a silver-mirror develops on the inside surface of the flask). The 
mixture is then filtered, cooled and NaB^h^ (0.006 mol.) added. The 
resultant beige precipitate was filtered off and recrystallized from aceto­
nitrile.
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No perchlorate derivative could be obtained by this template 
procedure.
Analysis
Calc: C 68.9 H 6.3 N 8.0.%
Found: C 68.7' H 6.5 N 8.0 %
[pb2 (33N)(NCS)J and [pb2 (33NMe)(NCS)4]
0.01 mol. of finely ground Pb(NCS) was suspended in 400-500 ml of 
methanol, DAP (0.012 mol.) and the appropriate amine (i.e. 3,3^-diaminodi-* 
propylamine or 3,3^-diamino-N-methyldipropylamine respectively) (0.012 mol.) 
were added and the suspension stirred at 60° C for 3-4 hours until all , 
Pb(NCS)2 (heavy pale solid) disappeared. The solution was filtered and on 
evaporation yielded a small quantity of yellow crystals of good analytical 
quality. The yellow solid that is filtered out contains some unreacted 
Pb(NCS)2 contaminant. This however did not prevent it being used for 
subsequent transmetallations.
Analysis [pb2 (33N)(NCS)^]
Calc: C 35.1 H 3.81 N 14.4 %
Found:C 35.4 H 3.8 N 14.3 %
[pb2 (33NMe)(NCS)J
Calc: C 36.3 H 4.1. Ng 14.1 %
Found: C 36.2. H 4.2 Ng l4.0 ;%
Transmettallation
(a) Mononuclear complexes :
[Fe(33N)][BPh j z
To Sr(33N) (BPhtj,)^  (0.0005 mol.) in 10-15 ml of dry acetonitrile under 
N^ was added Fe(C10^)2 (0.0005 mol.) and NaBPh (0.001 mol), ca 15 ml dry 
deoxygenated ethanol was added gradually and dark-purple crystals appeared 
on slight evaporation.
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Analysis
Calc: C 77.4 H 7.0 N 9.3%
Found: C 77.6 H 7.1 N 9.4%
[M(33NMe[|[BphJ 2 * 2MeCN M = Fe, Co, Ni
{] Ag2 (33N)3 BPhtjJ2 (0*001 mol.) was dissolved in 200 ml acetonitrile 
at ca 50-60° C, and 0.001 mol. N(C104)2 '6H20 and 0.002 mol. NaBPh^ added. 
The precipitate of AgBPh^. was filtered out and the solution evaporated 
down to 10-20 ml. The product was recrystallized from acetonitrile/ 
ethanol.
Analyses [Fe(33NMe)J [BPh4]2'2MeCN H2O
Calc: C 75.3 H 7.4 N 10.5%
Found: C 75.2 H 7.1 N 10.8%
[co  (33NMe)] [sphQ 2 ' 2MeCN
Calc: C 76.2 H 7.2 N 10.6%
Found: C 76.2 H 7.3 N 10.8%
[n1 (33NMe)] [ Bp.h J  2 • 2MeCN
Calc: C 76.2 H 7.2 N 10.6%
Found: C 76.5 H 7.2 N 10.7%
(b) Binuclear Complexes
[M2 (33N) (NCS) J.XH 2O M = Mn, Co, Ni, Zn
To 0.001 mol. M(NCS)2 in dry ethanol was added 0.005 mol.
[Sr(33N)]l BPhij.12 i^ 20-30 ml dry acetonitrile. The solution was left 
overnight to crystallize.
Analyses [Mn2 (33N) (NCS) J * 4H20
Calc: C 46.1 H 5.5 N 19.0%
Found: C 45.8 H 5.3 N 19.2%
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CCo2(33N) (NCS)it]‘4H 0
Calc; C 43.5 H 5.6 N 17.9
Found: C 43.5 H 4.9 N 17.3%
[Ni2(33N)(NCSK]‘2H20 
Calc: C 45.5 H 5.4 N 18.7%
Found: C 46.1 H 5.3 N 18.5%
[Zn2(33N)(NCS)4]*2H20 
Calc: C 44.6 H 5.3 N 18.4%
Found: C 44.9 H 4.9 N 18.5%
[F62 (33N) (ÏI2O )4]CClOi,]i,
Solid Fe(C10 i^ )2 *6H20 (0.0015 mol.) was added to 0.0005 mol.
[Sr(33N)][BPh^]2 in 15 ml dry deoxygenated acetonitrile. 20 ml ethanol was 
added and N2 bubbled ca_ 2 hours, after which time dark crystals were filt­
ered off, which contained BPh% impurity. Recrystallization from aceto­
nitrile under N2 yielded pure [Fe2 (33N)( H2O)^HCCIO^]!^.
N.B. This solid explodes readily under slight friction.
Analysis
Calc: C 32.8 H 4.8 N 10.2%
Found: C 33.2 H 4.7 N 10.3%
[M2 (33N)(MeCN)2l[C1 0 4]4 'H20 M = Co, Ni
[Sr(33N)][BPhi^]2 (0.001 mol.) was dissolved in the minimum quantity 
of dry acetonitrile, and to this was added M(C104)2 *6H20 (0.002 mol;) and 
0.5 g NaClO^. ca 15 ml ethanol was added, and the solution left in a 
fridge to crystallize.
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Analyses [Co2(33N) (MeCN)2]CC10t^]i^-H20
Calc: C 36.1 H 4.6 N 12.4%
Found: C 36.0 H 4.6 N 12.2%
CNi2(33N) (MeCN)2H[C10t^]^‘H20 
Calc: C 35.9 H 4.4 N 13.2
Found: C 35.6 H 4.4 N 13.0
[Co2 (33NMe) (NCS) ][BPhit ] 3 • 3H2O ' MeCN
To a suspension of 0.0004 mol. [Pb2 (33NMe)(NCS)4 ] in 100 ml aceto­
nitrile, Co (ClOi^ ) 2 * 6H2O (0.0008 mol.) was added, and refluxed ca 20 minutes 
until a red-brown solution forms. Pb(NCS)2 was filtered off. 0.003 mol. 
NaBPhq. was added to the filtrate, which was evaporated to low voliimn, and 
red-brown crystals filtered off.
Analysis
Calc: C 72.4 H 6.3 N 7.5%
Found: C 72.6 H 6.6 N 7.9%
C Co 2 (3 3N) (NCS ) ] C Bphi, ] 3 • H2O • 5MeCN
Prepared in an anologous fashion to that described for 
[Co2 (33NMe)(NCS)]CBphij3 2‘3H2 0 ‘MeCN except substituting [Pb2 (33N)(NCS)^] 
for [Pb2 (33NMe) (NCS)t|]. Again red-brown crystals were obtained on 
evaporation.
Analysis
Calc: _C 72.4 H 6.5 N 10.5%
Found:C 72.1 H 6.7 N 10.7%
-104“
CM2(33NMe)Cl2lCci0ijl2'??H20 . M = Ni, Fe
*
To 0.001 mol. [Ag2(33NMe)]CC10i^]2 in 100 ml dry methanol was added 
0.005 mol. of the appropriate metal halide, and the mixture was refluxed 
for 1 hour. The precipitate of AgCl was filtered off, and volum; reduced 
to ca 20 ml when crystals of the desired product were obtained.
N.B. [Fe2(33NMe)Cl2]CC10432 explodes readily under slight friction. 
Analyses [Ni2 (33NMe)Cl2]LC10i+]2‘4H20
Calc: C 38.3 H 5.6 N 11.2%
Found: C 38.9 H 5.3 N 11.1%
[Fe2(33NMe)Cl2(H20)2]EC10ij]2
Calc: C 39.9 H 5.2 N 11.6%
Found: C 40.4 H 5.3 N 12.0%
The Copper Complexes
[Cu2 (33N) ]CClOi^ li^  * 4H2O
Prepared on m.molar scale by refluxing 1 m.mol. Cu(C10 i^)2 6H2O with 
0.5 m.mol. [Ag2 (33N)JCCIO^]2 in 100 ml of an acetonitrile/methanol (2 ; 1) 
mixture for ca  ^hour. Bright blue crystals were obtained on cooling. 
(Yield 50%).
Analysis
Calc: C 32.4 H 4.7 N 10.1%
Found: C 32.0 H 4.4 N 10.0%
[Cu2(33N)][BPh4]3'2MeCN
To a solution of 1 m.mol. [Sr(33N)ILBPhj+Hg in 50 ml acetonitrile was 
added excess (ca 1 g). NaBPhi^  and 2.1 m.mol. Cu(0 Ac)2 *H20 in 50 ml dry 
acetonitrile. The Sr(0Ac)2 precipitate was filtered off and the resulting 
blue-green solution concentrated to jca 30 ml on rotary evaporator. The
concentrated solution crystallized out, on cooling, the prod .ct which could 
be recrystallized either from acetonitrile or DMF.
-TUb-
Analysis [Cu, (33N) ]EBPhu].g > 2MeCN
Caic: C 74.8 11 6.5 N 8.2%
Found: C 74.5 H 6.4 N 8.4%
[Cu2(33N)][BPh4]3.2DMF .3H 2O
Calc: C 72.0 H 6.9 N 7.7%
Found: C 71.7 11 6.9 N 7.8%
[Cu2(33N)(NCX)4] X = S, Se
To I m.m-1. ECu2(33N)][BPh4]3*2MeCN or [Cu3(33N)][C10i^]4*4H20 in 
ca 40 ml of acetonitrile, were added, in slight excess, a methanol solution 
of LiNCS or KNCSe respectively. The pseudohalide complex crystallized out 
rapidly as very small crystals. (Yield 60-70%).
Analy,ses [Cu2 (33N) (NCS)i^ ]
Calc: C 46.6 H 5.1 N 19.3%
Found: C 46.5 H 5.1 N 19.2%
[Cu2(33N)(NCSe)i^]
Calc: C 38.4 H 4.4 N 15.9%
Found: C 38.2 H 4.2 N 15.7%
[Cu2(33N) (NCS)2][BRht^ ]2*MeCN and [Cu2(33N) (N3)2]EBPhi,]2-K20
To 0.05 m.mol of [Cu2 (33N) (BPh.^)2MeCN in £a 30 ml acetonitrile was 
added a slight deficit of an alcoholic solution of LiNCS or NaNg (0.9 m.mol.) 
respectively, and the complex allowed to crystallize. The green needles
of [Cu2 (33N) (NCS)2][Bphi4]2*MeCN were stable in the solid state, while the 
fine blue-green needles of the azido complex turned brownish on standing, 
particularly in light. As this azido complex appeared to be potentially 
explosive (e.g. on grinding or heating) few measurements were carried out 
on it. (Yield 55, 70% respectively).
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Analyses [Cu2 (33N) (NCS)2][BPhi,]2 -MeCN
Calc: C 68.4 H 6.1 N 10.7%
Found: C 6 8 . 5  H 6.1 N 10.7%
[Cu2(33N)(N3)2][BPh4]2'H20
Calc: :C 67.7 H 6.3 N 14.2%
Found: C 67.6 H 6.2 N 14.4%
CCU2 (R33N) ][C10i^ ]it * 4H2O
1 m.mol. Cu(C104)2 *6H20 was added to | m.mol. of R33-N in ca 150 ml 
methanol. A deep-blue solution was produced which crystallized out on 
concentration.
Analysis
Calc: C 32.1 H 5.4 N 10.0%
Found: C 32.7 H 4.9 N 10.0%
[Cu2(33N)(NCS)23CC104]2•2H2O
Addition of 1 m.mol. of Cu(C10i^)2-6H20 to a suspension of 
[ Pb2(33N) (NCS) If] (0.5 m.mol.) in ca 200 ml warm acetonitrile produced a green 
solution and a brown solid. The solid was filtered off and the filtrate 
rotary evaporated to ca 25 ml. Addition of 10 ml methanol induces 
crystallization of a blue-green product.
Analysis
Calc: C 38.6 H 4.8 N 14.1%
Found: C 38.0 H 4.4 N 14.2%
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[Cu2(33IttIe)](C104):, 4H2Û
*
CAg2(33NMe) (0104)2 ] (0.05 g) was dissolved in 200 ml methanol,
close to reflux. Any insoluble impurities were filtered out at this stage. 
0.15 m.mol. of Cu(C104)2 6H2O in methanol was added to the solution which 
was then refluxed for ca 10 minutes. Rotary evaporation to low volum.e 
results in an amorphous blue s lid. (Yield 65%).
Analysis
Calc: C 38.6 H 4.9 N 14.1%
Found: C 38.0 H 4.4 N 14.2%
* Although, for convenience, this compound has been assigned the formula 
as stated it is infact of indefinite composition, - analytical data being 
inconsistent from preparation to preparation. It may be that it contains 
both di-Pb (II) and di-Ag (I) complexes. In any case i.r confirms the 
absence of thiocyanate and is consistent with the presence of the macro­
cycle. It was found that, although not pure, it was capable of being used 
as a precursor to other complexes. It was prepared as follows:-
2.5 g (2.0 m.mol.) CPb2 (33NMe) (NCS)was suspended in 250 ml of 
methanol and brought to reflux. 5.0 g (20 m.mol.; c£ lOX excess) of 
AgClOif was then added as a solution in ca 75 ml of methanol while vigorously 
stirring. The suspension becomes white immediately on addition. There­
after it gradually darkens to brown, after ca 1| hours refluxing. The 
solution was then filtered and the yellow filtrate evaporated to the last 
100 ml. At this stage a resultant creamy solid is filtered off and dried. 
(Yield 1.9 g) _The solid is photosensitive and should be used within several 
days of synthesis.
Infrared Spectrum
3 5 0 0  c,,,,bO,
ISFO Cw,,, lAUS IK.,1 , 1040 (s,W) , '5V3
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The MacrocyclesP + H
P: R = (CHz)^ 
P: R = (CHz)6
CPb2P(NCS)4 ] (Template Synthesis)
Pb(NCS)2 (O'Ol mol.), DAP (0.01 mol.) and 1,5-diaminopentane (0.01 mol.) 
were stirred vigorously at 60° C in a 400 ml methanol/500 ml acetonitrile 
solvent mixture for 3 hours, after which a grey powder was filtered off.
The orange filtrate, on cooling and slow evaporation, gave yellow 
crystals.
Analysis
Calc: C 34.8 H 3.5 N 12.7%
Found: C 34.7 H 3.7 N 12.4%
[pb2P][C10j^
[_Pb2P(NCS)i,J (0.0005 mol.) and AgClOi, (0.003 mol.) on mixing, in
80 ml acetonitrile, produced an immediate white precipitate. After stirring 
and warming for 5 hour, the solution was filtered and rotary evaporated, 
giving a pinkish solid. This solid was recrystallized from acetonitrile 
as small white crystals.
Analysis
Calc: C 26.5 H 3.0 N 6 .6%
Found: C 26.0 H 3.1 N 6.0%
-109
[Pb2P(NCS)2l[ci0j2
Pb2P (0104)4 (0.0002 mol.) was dissolved, on warming in 100 ml dry 
acetonitrile. Li(NCS)2 (0.0002 mol.) in 5 ml dry acetonitrile was added 
with stirring. The solution became turbid before the addition was com­
plete. After filtration the pale yellow filtrate was left to cool slowly, 
Primrose yellow crystals were obtained.
Analysis
Calc: C 30.3 . H 3.2 N 9.4%
Found:C 30.1 H 3.2 N 9.4%
[Pb2P(NCS)][C10,,]3
[pb2?(NCS)4](0.001 mol.) and AgClO^ (0.003 mol.) were stirred toget- 
her in 300 ml dry acetonitrile. The resulting precipitate of AgNCS was 
removed by filtration and the filtrate evaporated to ca 120 ml. Cooling 
on ice then produced pale cream crystals. Further crops were obtainable 
on subsequent evaporations.
Analysis
Calc: C 28.3 H 3.1 N 8.0%
Found: C 28.7 H 3.1 N 7.7%
Transmetallations
(a) Heterobinuclear 
[Pb Mn P(NCS)4 ]
[Pb2F][ci04l 4 (0.00025 mol.) and Mn(0 104)2, 8H2O (0.0005 mol.) dissolved 
in 100 ml dry acetonitrile. Excess LiNCS (0.001 mol.) was added. The 
precipitate produced on adding LiNCS was filtered leaving a yellow 
filtrate. This was set aside in a draft to evaporate slowly. Orange 
crystals were separated from an accompanying white precipitate.
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Analysis
Calc; C 40.3 H 4.0 N 14.7%
Found: C 39.4 H 3.9 N 14.4%
[Pb Fe P(NCS)2]CC104]2 -2MeCN
[Pb2P(NCS)4] (0.001 mol.) were stirred together in 120 ml dry de­
oxygenated acetonitrile under a nitrogen stream. The resultant deep wine 
coloured solution was reduced in volume by bubbling nitrogen. Addition 
of 80 ml ethanol and evaporation to 30 ml produced a dark solid.
Analysis
Calc: C 36.5 H 4.0 N 11.5%
Found: C 36.3 H 4.1 N 12.0%
[Pb Ni P(NCS)2][C104]2*2MeCN
Pb2P(NCS)4 (0.0005 mol.) and Ni(010^)2 6H2O (0.001 mol.) were mixed 
in 80 ml acetonitrile. A resultant'
white precipitate was filtered off and the green filtrate reduced in 
volume to yield khaki-green crystals.
Analysis '
Calc: C ;35.4 H 4.2 N 12.1%
Found: C 35.9 H 3.8 N 12.1%
(b) Homob inUclear 
[CU2P ][C104]4'4H20
[Pb2P][cioJ 4 (0.0005 mol.) and 0 0 (0104)2 -6H20 (0.001 mol.) were 
stirred in 100 ml dry acetonitrile with 10 ml dry ethanol. The volume was 
reduced to 50 ml and the solution set aside. By next day crystallization 
had begun. Dry ethanol (ca 30 ml) and cooling encouraged further product­
ion of the blue product.
- I l l -
Analysis
Calc: C 31.9 H 4.4 N 8.0%
Found: C 32.1 H 4.3 N 8.2%
CCu 2P(NCS)2][C104]2*H20
[pb2P(NCS)4](0.001 mol.) and Cu(C104)2 6H2O (0.002 mol.) in 150 ml 
acetonitrile. The solution was filtered, 50 ml ethanol added and volume 
reduced to 100 ml. On standing the filtrate produced blue/green crystals. 
Analysis
Calc: C 39.2 H 4.4 N 12.2%
Found: C 39.3 H 4.3 N 12.3%
[CU2P(NCS)2]CBPh4]2 •H2O
This complex was prepared by a simple metathesis reaction between 
excess NaBPh^ and [Cu2P(NCS)2][C104]2 *H20 (molar ratios 3:1 respectively). 
Followed by recrystallization from acetonitrile to give green crystals in 
70% yield.
Analysis
Calc: C 69.0 H 5.8 N 8.3%
Found: C 68.8 H 5.8 N 8.4%
[ C02 P (NCS ) 2 ] [ C10^  ^] ^ • MeCN
[Pb2P(NCS)4] (0.001 mol.) and Co(0104)2 •6H2O (0.002 mol.) in 
300 ml acetonitrile. After 3/4 hour stirring and warming the solution was 
filtered, the filtrate rotary evaporated to 150 ml and cooled to produce 
dark-brown crystals.
Analysis
Calc: C 41.2 H 4.4 N 13.5%
Found: C 40.8 H 4.4 N 13.7%
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[Fe2P(NCS)2][C104]2
To a stirring solution of [Pb2P(NCS)i+] (0.0005 mol) in 70 ml dry 
deoxygenated acetonitrile, under nitrogen, was added Fe(0 1 0 4)2* 6H2O 
(0.002 mol.) as solid. The resultant precipitate of Pb(NCS)2 was filtered 
off under a nitrogen atmosphere and the filtrate reduced by bubbling 
nitrogen. Dark crystals of product were obtained at low volume.
Analysis
Calc: C 40.7 H 4.3 N 12.7%
Found: C 40.5 H 4.5 N 12.4%
[Pb2H(NCS)4]
2,6-DAP (0.025 mol.) was dissolved in methanol (500 ml). 1,6-diamino- 
hexane (0.025 mol.) was added. With vigorous stirring finely divided 
Pb(NCS)2 (0.025 mol.). The mixture was brought to reflux to ca 45 minutes, 
and then left stirring overnight with the heat off. A crude yellow pro­
duct (probably containing unreacted Pb(NCS)2 contaminant) was isolated. 
(Yield 72%). This product was used to form subsequent complexes.
Analysis
Calc: C 36.0. H 3.7 N 12.4 %
Found: C 34.4 H 3.7 N 11.1 %
[Pb2H][C10434‘H20
To a suspension of[pb2H(NCS)4^(0.002 mol.) in methanol (200 ml) 
was added, with stirring, AgC104 (0.007 mol.) dissolved in methanol. The 
mixture was maintained at 50°C for 1 hour, during which time the colour 
gradually changed from yellow to off-white. A fine precipitate of AgNCS 
was then filtered out and the filtrate reduced in volume to yield (15%) 
of product.
Analysis
Calc: C 27.4 H 3.4 N 6.4,%
Found: C 27.5 H 3.4 N 6.3 %
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The Macrocycle Q
Mr- h
N N
C20H24N4O4
Template Synthesis
[MQ][C104]2 *Et0H .H2O (M = Ca (11), Ba (11))
M(C104)2 *XH20 (X = 3, 4) (0.01 mol.) and DFF (0.01 mol.) were dis­
solved in 500 ml of dry ethanol containing 10% dry acetonitrile.
3-oxapentane-l,5-diamine (0.01 mol.) dissolved in 5 ml ethanol was then slowly 
added, dropwise, with vigorous stirring. The mixture was then refluxed. A 
darkening of the solution is noticable during the first 15 minutes of refluxing. 
Reflux was maintained for a total 3/4 hour. The solution was then filtered, 
rotary evaporated to half-volume and set aside. Crystals appear on standing 
(beige for Ca (11); pink for Ba (II). Further crops were obtainable on 
subsequent evaporations. Use of ethanol as solvent results in the corresponding 
methanol solvate. (Yield 75%).
Analyses [CaQ][C104]2 *Et0H*H20
Calc: C 38.4 H 4.7 N 8.1%
Found: C 38.1 H 4.1 N 7.5%
[BaQ][C104]2 'Et0H'H20 
Calc: C , 33.7 H 4.1 N 7.1%
Found: C 33.2 H 4.1 N 7.0%
CBaQ3CciOif32-MeOH*H20 
Calc: C 32.7 H 3.9 N 7.3%
Found: C 32.7 H 3.9 N 7.1%
N.B. (a) Attempts to use Sr (11) as a template proved unsuccessful.
(b) [CaQ][C104]2 EtOH'H20 has a shelf life of ca^  2 months, during
which it gradually turns brown and sticky. [BaQ][C104]2 ’Et0H*H2 0 ,
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Non-macrocyclic templates (3/4Q)
M
0
N
CM(3/4Q)][C10 4]2-H20
NH2 H ^ N
(M = Ca (II), Sr (II))
M(C104)2"H2O (0.002 mol.) and DFF (0.002 mol.) were dissolved in 
100 ml dry ethanol. 3-oxapentane-l,5-diamine (0.002 mol.) dissoved in 
5 ml ethanol was slowly added dr&pwise, with vigorous stirring at room 
temperature. Stirring was maintained for 5 hour, during which time a 
white crystalline product had developed. The product was isolated by 
filtration and dried.
Analyses
CCa(3/4Q)][C10432-H20
Calc: C 30.4 H 4.7 N 10.1%
Found: C 30.5 H 4.3 N 10.1%
[Sr(3/4Q)1[C104^2-H20
Calc: C 28.0 H 4.4 N 9.3%
Found: C 28.1 H 4.0 N 9.2%
N.B.
(a) The Ca (II) product was unstable over long time periods, unlike 
Sr (II) product.
(b) Attempts to-prepare a Ba (II) analogue proved unsuccessful.
[482^^1-010432*2^2^ (0.0005 mol.) in 30 ml of 3:1 etlianol:acetonitrile. 
solvent. A solution containing NaBPH4 (0.002 mol.) dissolved in the 
minimum of acetonitrile was then added at room temperature. The white 
precipitate of AgBPIl4 was filtered off and the filtrate evaporated to give 
white needles in low yield.
Analysis
Calc: C 75.0 H 6.4 N 8.0%
Found: C 74.9 H 6.7 N 7.8% /
"1 1 5 -
EAg2Q]CC10i^]2 2H2O
[BaQ][C10i^]2-Et0H*H20 (0.0005 mol.) was dissolved in 300 ml methanol 
and 50 ml acetonitrile. Excess AgClOi, (0.002 mol.) dissolved in 10 ml 
acetronitrile was added dropwise at room temperature. Further additions 
of acetonitrile may be used to prevent turbidity developing. The solution
was then rotary evaporated to low volume to obtain a white solid.
Analysis
Calc: C 28.8 H 3.4 N 6.7%
Found: C 28.6 H 3.1 N 6.5%
CCU2Q] [ C10i^]2*3H20
CBaQ][C10i+]2*Et0H (0.0008 mol.) in cold dry deoxygenated methanol. 
[Cu(MeCN):^][C]Oi^] (0.0016 mol.) in cold dry deoxygenated methanol. Mix 
under a nitrogen stream (total volume ca 80 ml). The resultant orange 
solution was stirred under nitrogen until crystalization occurred. The 
yellow crystals were filtered off under nitrogen, washed with ice-cold 
deoxygenated methanol and dried. Yield ca 65%. The solid is slightly 
air sensitive and as a precaution should be stored in vacuo.
Analysis
Calc: C 32.8 H 4.1 N 7.6%
Found: C 32.5 H 4.0 N 7.2%
(Pdz = pyridazine)
[MQJCClO^Jâ'EtOH'HgO (M = Ca (II) or Ba (II) CO.0003 mol.) dissolved 
in 50 ml of deoxygenated acetonitrile/methanol (1:1) solvent mixture. 
Cu(MeCN)i^C104 (0.0006 mol.) was added as solid to the above solution at 
room temperature, under a nitrogen stream. Pyridazine (0.0006 mol.) was
then added dropwise to the yellow solution without any observed colour
change. NaBPh^ (0.0012 mol.) was then added as a solid and dissolved on 
stirring,After 15-20 seconds red crystals began to develop. The solution
- 1 1 6 -
was evaporated under nitrogen until, the supernatant was devoid of most 
colour. The red fluorescent crystals were isolated under nitrogen and 
recrystallized from acetonitrile. (Yield 83%).
Analysis
Calc: C 69.7 H 5.4 N 8.6%
Found: C 69.4 H 5.5 N 8 .6%
[Cu2Q][BPh4]2'2MeCN
(a) This complex was obtained as a by-product in attempted preparations
of Cu (IT) derivatives: CBaQ]CC10 i^ ]2*Et0H»H20 (0.0012 mol.), Cu(C104)2*6H2O
(0.0006 mol.) and NaBPhi^  (0.0003 mol.) were reacted at room temperature
in 30 ml acetonitrile. The first crop”of crystals were blue 
1
(see [CuQ ][BPhi^ ]2). The filtrate of the above was red. Addition of meth­
anol helped produce orange crystals of the title complex.
Analysis
Calc: C 69.6 H 5.8 N 7.0%
Found C 69.9 H 5.9 N 6.9%
(b) Alternatively it may be prepared by recrystallization of the complex 
[Cu2Q][C104]2 H2O from acetonitrile, in the presence of equivalent of 
NaBPh^.
1 " 1 
[CuQ ][BPht,]2 (Q = C24H36N6O5)
The various routes in this isolation of E‘CuQ^][BPhi^]2are summarized 
in B2. .. -
Method (a): [MQ][C10j 2'Et0H ’H20 (M = Ca (II) or Ba (II); 0.0003 mol.)
dissolved in 50 ml acetonitrile. Addition of Cu(C10 i^ )2 '6H2O (C'0006 mol.) 
produced a green solution at room temperature. This solution was then
cooled on ice and stirred while NaBPh^ (0.0012 mol.), dissolved in
-1 1 7 -
acetonitrile was added. After ca 1 minute a pale blue solid appeared.
This solid was recrystallized from cold acetonitrile using a rotary evap­
orator with a room temperature water bath. The resultant aquamarine 
coloured crystals were obtained in 50% yield.
Method (b); [M(3y4Qj)][C10 i^ ]2' H2O (M = Ca (II) or Sr (II); 0.0003 mol.)
and Cu(C10ij)2* 6H2O (0.0006 mol.) were heated in 50 ml acetonitrile at 
room temperature. Addition of NaBPh^ (0.0012 mol.) precipitates a pale 
blue solid which was recrystallized as described above. (Yield 36%).
Method (c); CAg2Q][C104]2'2H2O (0.0003 mol.), Cu(C10it)2* 6H2O (0.0006 mol.)
and NaBPh^ (0.0024 mol) were reacted together in 100 ml acetonitrile.
The precipitate of AgPBh^ was filtered off before evaporating to yield 45% 
aquamarine crystals.
Method (d): OFF (0.001 mol.), 3-oxapentane-l,5-diamine (0.001 mol.)
and Cu(C10q.)2* 6H2O (0.001 mol.) were reacted at room temperature in 
acetonitrile. NaBPh^ (0.003 mol.) produces product.
Analysis
Calc: C 72.6 H 6.4 N 7.1 Cu 5.4%
Found: C 72.5 H 6.5 N 7.1 Cu 5.4%
[ C u 2 Q ( 0 M e ) 2 ( p y ) 2 ] [ C 1 0 4 ] 2  2 H 2 O
[BaQ][C10 t^ ]2’EtOH*H2O (0.0008 mol.) in cold dry deoxygenated methanol 
Mixed in, under nitrogen a solution of [Cu(MeCN)i^][C10t^] (0.0016 mol.) in 
cold, dry deoxygenated methanol. Excess pyridine (ca 3 ml) is then added 
and the whole solution exposed to atmosphere oxygen. The orange solution 
becomes green, then bright green crystals of product separate out.
(Yield ca80%).
Analysis
Calc: C 39.8 H 4.6 N 8.7%
C 39.9 H 4.6 N 8.4%
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Complexes of the Acyclic Ligands J and ËDAAF
N
N-
MeMe
N
0
N 
N-
EDAAF
[(CuD^J]
DFF (0.0005 mol.) amd 3,3 -dimethylamino-propylamine (0.001 mol) in 
30 ml. dry deoxygenated acetonitrile under a stream of nitrogen. Addition 
of Cul solid (0.001 mol.) produced a red solution. Dry deoxygenated ethanol 
(8 ml.) was added and the solution evaporated and cooled by bubbling 
nitrogen. The resultant orange lustrous compound was filtered and dried 
under N^.
Analysis
Calc: C 18.2 H 2.7 N 5.3 I 48.1%
Found: C 18.9 H 2.7 N 5.0 I 48.0%
[Cu2J(NCS)2]
The free ligand J (0.003 mol.) in dry deoxygenated acetonitrile (30 ml.) 
under nitrogen, at room temperature. Cu(MeCN)^C10^ (0.006 mol.) was added 
as solid followed by NaNCS (0.006 mol.). ■ The red solution produced was 
stirred under nitrogen. After ca 15 s precipitation of product began (Yield 80^
—119 —
Analysis
Calc; C 40.4 H 5.3 N 15.7%
Found: C 40.3 H 5.3 N 15.7%
[Cu 2J(0H)2]CC10i^ ]2* EtOH
DFF (0.001 mol.), 3,3*-dimethylamino-propylamine (0.002 mol.) and 
Sr(ClOi^)2'4H2O (0.001 mol.) in ethanol (30 ml.). The mixture was then 
treated with solid Cu(MeCN)^C10^ (0.002 mol.) and the solution stirred open 
to the atmosphere, at room temperature. After ca 2 minutes the green 
solution began to produce a blue solid. Yield 70%
Analysis
Calc: C 30.1 H 5.2 N 8.0%
Found: C 30.2 H 4.9 N 7.8%
[ Cu2 J (OAc ) 2 ] [ BPhi^  ] 2 ' 2H2O
DFF (0.0005 mol.), 3,3 -dimethylamino-propylamine (0.001 mol.) and 
Sr(ClOi^)2*3H2O (0.0005 mol.) and NaBPh^ (0.005 mol.) were stirred together 
in methanol solvent (10 ml.). Cu(0Ac)2'H2O (in 50 ml. MeOH) was added
slowly at room temperature. A green solid separated as the Cu(OAc) H2O 
is added.
Analysis
Calc: 67.4 H 6.5 N 4.6%
Found: 67.8 H 6.3 N 4.7%
[ Cu2 J (OMe ) 2 ] C BPhit ] 2 * MeCN • H2O
The free ligand J (0.0004 mol.) was dissolved in methanol (30 ml.) at 
room temperature. Any soluble impurities were filtered out at this stage. 
Cu(C10i,)2 '6H20 (0.0001 mol.) was added and followed by addition of NaBPh^ 
(dissolved in min. of acetonitrile). On standing emerald green crystals 
separated.
-12Q--
Analysis
Calc: C 69.2 H 6.8 N 5.9%
Found: C 69.4 H 6.6 N 5.8%
[Cu2J(N3)3][C10t,]
The free ligand J (0.0003 mol.) and Cu(C10i^)2 6H2O (0.0006 mol.) 
were mixed together in 40 ml. methanol. NaN3 (0.0006 mol.) dissolved in 
methanol was added dropwise with stirring at room temperature. The whole 
solution was left stirring for ca 15 minutes during which time a brown 
crystalline solid developed.
Analysis
Calc: C 29.8 H 4.4 N 28.2%
Found: C 29.6 H 4.3 N 28.0%
despite several attempts using dgficiet quantities of azide no monoazide
product was obtained, only that described above.
[(PdCl2)2EDAAF]
The ligand EDAAF (0.0003 mol.) was dissolved in dry MeCN (20 ml.).
To this stirring solution was added Pd(MeCN)2Cl2 (0.0006 mol.) as a solution 
also acetonitrile (10 ml.). The solution was filtered and rotary evaporated 
to 8 ml. A yellow solid was subsequently isolated.
Analysis
Calc: C 36.5 H 4.5 N 7.7%
Found: -C 35.7 H 4.5 N 7.7%
* despite attempts with other metals e.g. Cu (1), Cu (II), Ag (I) , Fe (II),
Fe (III), Co (II), Mn (II), Cu (II), Sr (II), Ba (II) and Cd (II) no good
quality products were obtained with either EDAAF and PDAAF.
-121-
Complexes of the «-dimine ligands 
[Cu(btz)2]BPhit
The ligand (6 m.mol.) was dissolved in warm deoxygenated acetonitrile 
under nitrogen. 2 m.mol. Cu(MeCN)2C10  ^was added to the stirred solution, 
producing a dark orange solution. Excess (8 mol.)NaBPh^ was then added 
to this solution which was sealed under nitrogen and left overnight in 
fridge. Large brown crystals came which were filtered under nitrogen 
and dried.
Analysis
Calc: C 61.3 H 7.2 N 5.7%
Found: C 61.3  ^ H 7.2 N 5.7%
No perchlorate derivative could be isolated.
[Cu(btz)I]2
Btz ligand (2.8 m.mol.; excess) in deoxygenated acetonitrile under 
nitrogen. Gradually add with stirring powdered Cul (2.5 m.mol.). Very 
dark purple-brown crystals (red on crushing) form as the insoluble Cul 
reacts. Additional quantities of btz may be added to remove any traces 
of unreacted Cul (buff colour) until only crystals of product remain.
(Yield 73%).
Analysis
Calc; C 24.6 H 3.1 N 7.2%
Found: C 24.5 H 3.1 N 7.0%
-122-
[Cu2(bt)4][C10i^]2
The complexe was prepared by addition of [Cu(MeCN^ CIO4 to 
a solution of warm dcoxygcnatod acetonitrile under nitrogen containing 
excess bt ligand. The resultant orange solution was filtered under nit­
rogen (if necessary), concentrated, and dry deoxygenated methanol added 
to assist crystallization.
Analysis
Calc: C 28.4 H 3.2 N 11.0%
Found: C 28.3 H 3.1 N 11.1%
(Cul)2bt
This complex was prepared by methods analogous to those already 
described for the complex [Cu(btz)I]2 - substiuting btz for the ligand bt
An orange solid.
Analysis
Calc: C 13.0 H 1.5 N 5.1%
Found: C 13.1 H 1.4 N 4.9%
[Cu(bo)2]C104
Prepare in dry deoxygenated acetonitrile by the procedure used in 
the preparation of [Cu2(bt)i^ ] [010412 using bo as ligand.
Analysis
Calc:_ C 32.5 H 3.6 N 12.6%
Found: C 32.7 H 3.6 N 12.5%
-123 -
[(CuDabo]
The complex was prepared using the ligand bo by the methods already 
described in the preparation of CCu(btz)I]2 and [(Cul)2bt]. A yellow 
solid.was separated.
Analysis
Calc: C 13.8 H 1.5 N 5.4%
Found: C 14.3 H 1.6 N 5.3%
[Cu(biz)^ ][C10i^\
Cu(0104)2 6H2O and btz are reacted in 1:2 metal:ligand molar ratios 
in methanol at room temperature. Blue crystals of [Cu(biz)2 ][C104]2 
appeared on evaporation.
Analysis
Calc: C 32.3 H 4.7 N 18.8%
Found: C 32.5 H 4.8 N 18.7%
[Cu(biz)2][BPh4]2
[Cu(biz)2][C104]2 was dissolved in methanol and 2 equivalents of
NaBPh4 added as a solution (again in methanol). Addition was performed
slowly and dropwise stirring. After completion blue crystals slowly 
appear. (Yield 98%).
Recrystallization from acetonitrile gives same product.
Analysis
Calc: ~C 74.3 H 6.6 N 10.8%
Found: C 73.9 H 6.8 N 10.7%
- 1 2 4 -
Blue [Cu(bi)2] [CIO4] 2
(a) Bi and Cu(C10i^)2 6H2O (2:1 molar quantities respectively) were re­
acted in ethanckl giving a blue-green solution. The solution was refluxed 
for 1 hour, then filtered and rotary evaporated. On cooling, blue
crystals of product separated. These were filtered out and dried. (Yield 70%) 
Analysis
Calc: C 26.8 H 3.7 N 20.8%
Found: C 26.7 H 3.7 N 20.5%
(b) from purple [Cu(bi)2 ][C1C^ Jg
0.1 g of purple [Cu(bi)2 ][C104]2 was dissolved in ca of ethanol.
The blue-green solution was refluxed for 1 hour, then evaporated producing 
blue crystals in high yield.
Analysis
Calc: C 26.8 H 3.7 N 20.8%
Found: C 26.6 H 3.6 N 20.9%
Purple [Cu(bi)2 ][0104 32
(a) 2:1 molar ratio of hi: Cu(C104)2 6H 2O in minimum of methanol to
produce a blue-green solution. Diethylether was slowly infused to pre­
cipitate purple crystals in high yield.
Analysis
Calc: C 26.8 H 3.7 N 20.8%
Found: C 26.8 H 3.8 N 20.5%
(b) from blue’CCu(bi)2][C104]2
0.15 g of blue [Cu(bi)2][C104]2 was dissolved in ca 20 ml methanol 
The blue solution was slowly infused with diethylether. After 5-10 ml 
ether has been added, purple crystals began to appear. Standing and 
occassionally 'topping-up* with ether gave a high yield of the purple 
product.
- 1 2 5 -
Analysis
Cnlc: C 26.8 H 3.7 N 20.8%
Found; C 26.7 H 3.7 N 20.5%
CCu(bi)23CBPh4]2
Excess of NaBPhij, dissolved in methanol, was added to a solution 
containing purple [Cu(bi)2]CC104]2 dissolved in the minimum quantity of 
methanol. Blue-green crystals precipitated.
Analysis
Calc: C 73.7 H 6.2 N 11.5%
Found: C 73.3 H 6.3 N 11.6%
CCu(bi)2(MeCN)2]CBPh4]2
2 molar and molar equivalents of bi ligand and Cu(C104)2'6H2O were 
dissolved in acetonitrile, giving a green solution. NaBPh^ (excess; in 
acetonitrile) was mixed in and the solution slowly evaporated to low 
volume when green crystals appeared. These were filtered and washed with 
ice-cold acetonitrile. (Yield 80%).
Analysis
Calc: C 72.5 H 6.3 N 13.2%
Found: C 72.6 H 6.6 N 13.3%
CHAPTER 3 - RESULTS AND DISCUSSION
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RESULTS AND DISCUSSION
Complexes of the Macrdcyclic Ligands 33N and 33NMe
\  1
As described in Chapter 1 the condensation of 3,3 -diaminodipropylamine
and DAP in the presence of Ag (I), produces the di-Ag (I) complex of the
54. 139
28-membered Ng macrocycle L or ’33N* . When an analogous condensation
1
was attempted using Ag (I) and 3,3 -diamino-N-methy1dipropylamine it was 
found that a (2 + 2) condensation had occurred. The macrocyclic nature of 
the product was confirmed by mass spectra, observation of the molecular ion 
peak at macrocycle 544, Table VII. Use of Pb(NCS)2 as template gave the 
28-membered Ng macrocycles with both the >NH and >NMe amines. This was 
shown by borohydride reduction of the condensation product to give the 
hydrogenated ligands R33N and R33NMe whose molecular ion peaks were ob­
served at %/e 524 and 552 respectively. Table VII N.m.r spectra of
these free ligands are described in the experimental section, the Pb
complexes were too insoluble.
1
Condensation of 3,3 -diaminodipropylamine with DAP on Ca (II) or 
Sr (II) takes place rapidly in dry alcohol at 60° C, where addition of 
NaBPh^ precipitates out complexes of stoichiometry [M(33N)]fBPh4]2. 
Significantly when the N-methylated amine is used the Group (II) ions are 
ineffective as templates. This suggests that, on Group (II) ions, 33N may 
adopt a ring contracted form analogous to that already observed in the
196
Ba (Il)-assisted template condensation of diethylenetriamine with DAP 
Such contraction may be achieved by intramolecular attack on the C = N 
group by the secondary NH function, which in the present system is accom­
panied by extrusion from the macrocycle of a tetrahydropyrmidine ring.
This attack may involve one or both secondary amine functions, reducing 
the size of the macrocycle from 28- to 24- or 20-member atoms. This 
smaller size presumably allows more efficient coordination of the remaining 
N-donors by the single Sr (II) or Ca (II) ion.
127-
Evidence for the presence of macrocyclic product in the above com­
plexes comes from analytical data, mass spectra (already discussed), i.r
and n.m.r spectra. Table VII. All the complexes exhibited a modérâte-to-
-1
strong band at 1620-1640 cm , diagnostic in these systems, of the azomethine
-1
group. None showed any absorption at ca 1700 cm attributable to ^
-1
of unreacted carbonyl. Absorptions in the region 3200-3400 cm , indicative
of unchanged primary amine, were, also absent. These observations indicate
that the Schiff-base condensation has taken place, but do not, on their own,
distinguish between cyclic and polymeric condensations. However, the
crystalline nature of the complex suggests low-molecular weight i.e cyclic
constitution while the direct mass spectral observations in the Ag (I)
and Pb (II) cases confirms the [2 + 2] nature of both macrocycles in these
complexes. In the cases of the Ca (II) and Sr (II) complexes, molecular
model studies show [1 + 1] cyclic products to have too small a cavity and
[3 + 3] and larger products to have too large a cavity to accommodate
these ions. The [2 + 2] macrocycle is suggested also by analogy to a
53a
closely related system L based on DAP and diethylenetriamine for which
196
an X-ray crystal structure of the Ba (II) complex exists
An n.m.r study was undertaken in order to compare ligand geometry in
products of template condensation on the different metal ions. Both
. ■ 1 
di-Ag (I) complexes exhibit an easily interpretable H n.m.r spectrum,
Table VIII, as expected for a normal, fully extended, 28-membered macrocycle. 
1
The H n.m.r spectra of CCa(33N)][BPh432 and [Sr(33N)][BPh4]2,
Fig.56, however, are far from simple and quite different from those of 
Ag (I) complexes. The prominent feature is a multiplet lying between 
2.65 and 2.45 ppm which appears to contain three singlets underlain by other 
less intense complex absorption. There is a fourth singlet to the high 
field side of these three at 1.93 ppm and numerous complex multiplets of 
low intensity covering the range 3.8-1.6 ppm. Using the aromatic signals
128-
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as reference, the total integral over the 2 .75-1.8 ppm range includes 
these four singlets (which are of approximate equal intensity) is 
ca 14H. We believe that the four singlets correspond to four non-equivalent 
methyl groups, with the rest of the integral being accounted for by the 
underlying broad, low-intensity absorption. The three singlets grouped 
around 2.66 ppm presumably arise from (C)Me - group in a similar ; chemical 
environment to that in CAg2 (33N) ][BPh4]2 or CAg2 (33NMe) ][BPhi 3^ 2, but in a 
situation of lower symmetry. The remaining high- ield singlet at 1.93 ppm 
must therefore lie in a magnetic or chemical environment significantly
different from the other three and from the (C)Me - groups in the di-Ag (I)
. 53-
compounds. By comparison to the analogous L system this high—field
signal is tentatively assigned to the methyl group on the tetrahydro—
pyrimidine ring.
1 •
The simplest interpretation of H n.m.r evidence would be to suggest 
formation of a 24-membered ring, contracted by expulsion of one tetrahydro- 
pyrimidine ring, containing three methyl groups on imine carbons and one 
fully substituted carbon of the tetrahydropyrimidine ring. The low 
symmetry of such an arrangement would result in none of the CH3 or CH2
groups being equivalent, explaining the complexity of the n.m.r spectra.
13
A C n.m.r investigation of the more soluble [Fe(33N)][BPh^]2 and
[Fe(33NMe)][BPh^]2 complexes (described later) supports this idea. These
13
mononuclear, low-spin, complexes gave simple C spectra. Table IX, with
just one peak for each of the chemically different carbon atoms in the
13
molecule. [Sr(33N)][BPh^]2 , on the other hand, gave complex C spectra 
with four times as many macrocyclic signals aswere observed for the Fe (II)
compounds. The inference is that each carbon atom in the macrocycle is
. . .  . 13
giving rise to its own signal. The C evidence suggesting low symmetry
and four magnetically individual methyl carbons favours the Ny 24-membered
130
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ring macrocycle. Independent evidence for this structure comes from the i.r 
intensity of the ^ absorption. The intensity of this absorption in
[Sr(33N)][BPh%]2 is only about three-quarters that in [Ag2 (33N)][BPh%]2 
(using the v absorption as intensity reference). This suggests that 
only one of the four imine groups has been lost in the ring contracted 
form.
TABLE VIII
*H n.m.r SPECTRA OF DJ-Ag (1) COMPLEXES OF 33N and 33NMe^
[Ag2(33N)]LC104]2
ppm Rel. Int Assignment
8.26 (m) 3 pyridine protons
3.86 (t) 4 H
3
3.06 (t) 4 H
2.56 (s) 6 (c)Me
2
2.29 (p) 4 H
2.45^ (s) (NH + H2O)
[Ag2 (33NMe)][BPhi^]2
8.30-8.54 (m) 3 pyridine protons
3.97 (t) 4 H
2.88 (t) 4 H
2.74 (s) 3 (N)Me
2.69 (s) 6 (C)Me
2
2.40 (p) 4 H
a. CD3CN solvent, TMS reference.
b D2O shake removes 2 .45 signal, sharpens 1
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TABLE IX
‘^ C n.m.r SPECTRA FOR DIAMAGNETIC COMPLEXES OF 33N and 33NMe^
[Fe(33N)][BPh4]2 [Fe(33NMe)][BPh4]2 [Sr(33N)][BPh4]2 Assignment
17.3 17.9 11.3^, 16.8^, 16.2^, 23.5^. CHy
2
26.1 25.6 28.9, 29.4, 29.7, 29.9 C
43.1 44.5 39.6, 44.3, 50.2, 50.4^
3
C
50.0 50.8 50.6, 51.8, 52.0 cl
52.8 (N)Me
121.7 122.4 122.6 [BPh^]"
125.5 126.5 126.2 [BPhy]"
135.7 136.5 136.8 [BPh^]"
a, CD^CN solvent, TMS reference, 
b Off-resonance quartet, 
c. Closely spaced doublet.
Transmetallated Complexes
Although template condensation on Sr (II) yields a ring-contracted 
form of the macrocycle 33N, treatment with transition metal ions easily
converts this to the extended 28-membered ring form. A similar facile
- 53%
ring expansion was noticed with the'analogous L ring system.
Binuclear derivatives Ni (II) and Co (II) were obtained by reflux-
ing di-Ag (I) and di-Pb (II) complexes of 33N with methanolic solutions
of the appropriate transition metal salt. An identical product could be
-133-
obtained by starting with an acetonitrile solution of [Sr(33N)][BPhit]2 , 
so in general, [Sr(33N)][BPh4]2 was the preferred starting material for 
the synthesis of transition metal derivatives of 33N. Mononuclear deriv­
atives were similarly obtained by refluxing [Ag2 (33NMe)][BPh^32 in 
acetonitrile with the appropriate (Fe (II), Co (II), Ni (II)) salt. A 
similar series of mononuclear derivatives of 33N does not exist, only 
[Fe(33N)][BPh4]2 could be obtained for this macrocycle.
Mononuclear Complexes
These complexes are listed in Table X, along with their physical
properties. In each case the properties of the complexes show them to have
approximately octahedral coordination geometry. Conductivities in aceto-
296
nitrile fall at the lower end of the range appropriate to 1:2 electro­
lytes, as is typical for the bulky tetraphenylborate salt. The i.r
. ■ ■ -1  
spectrum of the ligand moiety, outside the 1700-1500 cm region, remained
largely unaltered on transmetallation; however, there were significant
_l
changes in the 1600 cm region. The precursors [Pb2 (33N) (NCS)q.],
[Pb2 (33NMe)(NCS)^] etc., all show at least two strong bands £a 1630 and 
-1
ca 1590 cm , assigned to the ^ and pyridine ring vibrations
respectively. Of the mononuclear derivatives only [Ni(33NMe)][BPh^]2' 2MeCN
displays this pattern. [Co(33NMe) ][BPhi^]2'2MeCN has a pair of weak
-1
absorptions at 1620 and 1590 cm , while no absorption is observed for the
Fe (II) complexes at these frequencies. This indicates, as magnetic
297
results confirm, that Co (II) and Fe (II) are in low-spin octahedral 
coordination in these mononuclear complexes. A strong octahedral field 
can be achieved with these macrocycles if the ring is sufficiently flexible 
to allow both trimethine entities to lie at right angles to each other.
The -NH or -NMe groups are then 'squeezed out' and not coordinated to the 
metal ion.
-134-
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Magnetic susceptibility data for both Fe (II) compounds confirms 
the existence of spin-pairing. Mossbauer spectra isomer shifts are in
the range expected for low-spin octahedral Fe (II). The quadrupole splittings
199 55 2+
are large, comparable to the values obtained in the [Fe L ] cation
where the macrocycle has folded to allow 6-coordination of the Fe (II)
by both trimethine groups. These large quadrupole splittings presumably
reflect splitting of the t£g orbitals as a result of distortion from 0^
symmetry. This distortion appears to be somewhat larger in 33N and 33NMe com-
55
piexes than in the L series, as judged by the magnitude of AE^. This 
may arise because of steric constraints in the smaller 33N and 33NMe 
macrocycles.
A thermally controlled high-spin j low-spin equilibrium exists in 
the case of [^Co(33NMe^(^BPHiJ 2' 2MeCN, as shown by variable temperature
magnetic susceptibility measurements. Such an equilibrium is fairly com-
298 199
mon in «-diimine complexes of Co (II) , and also has been observed
55
in mononuclear Co (II) complexes of L . In the present case, equilibrium
lies well, but not completely, to the low-spin side at 93K. The e.s.r
spectrum. Fig.57, obtained at this temperature shows only peaks due to the
low-spin form. The e.s.r parameters of a polycrystalline sample at 93K
(gj_ 2.02; g22 2.30;  ^ 93G) demonstrate that the octahedral arrangement
299
around Co (II) is distorted by axial compression
Examination of the electronic spectra of the complexes likewise pro 
vides evidence of the distortion from regular 0^ symmetry both [Fe(33N)]^*
and [Fe(33NMe)]^ cations display a pair of equally intense charge-transfer
• ' -1
absorptions close to 20,000 and 17,000 cm . Such a splitting has been
attributed to separation of the t level into e and b levels as the
symmetry diminishes from octahedral. No absorption, attributable to d-d
transitions were observed. The two strong bands in the [Co(33NMe)][BPh^]2'2MeCN
-1
electronic spectrum at 20,800, 18,250 cm are thought to be d-d rather 
than charge-transfer in origin.
—  '137” pa.0 ô
100 G
2 5 0 0 G 32 00 G
Fig.57 [ J
E.s.r spectrum of [Co(33NMe)DCBPhi+l^ *2MeCN
R
N - --N
Fig.58
Disposition of donors in octahedral coordination mode of 33N and 33NMe
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The electronic spectrum is the only physical measurement to offer
information about coordination geometry in LNi(33NMe)] . Of the three
— I
bands expected for octahedral Ni (II), two are observed at 19,000 cm and
-I 3 3 3 3
12,000 cm , ascribed, respectively, to the and Agg^- ?ig(F)
transitions.
It seems clear from the above results that, in mononuclear complexes, 
the ligands 33N and 33NMe have twisted as in Fig.58, to adopt an Ng octa­
hedral conformation using only the trimethine entities as donors, and 
leaving the amine nitrogen uncoordinated. The local symmetry about metal 
ion is less than octahedral.
BINUCLEAR COMPLEXES
(a) The non-copper derivatives
139
X-ray studies on on di-Ag (I) complex of 33N suggest that the 
ligands 33N and 33NMe afford an intermetallic distance of ca 7 2. A shorter 
intermetallic distance would be attainable were the ligands able to fold 
into a U-shape with co-facial trimethine entities; however models suggest 
that this arrangement would be highly strained.
Tables XI and XII summarize the physical data for the non-copper 
derivatives of the macrocycles.Where solubility permitted conductivity data 
in acetonitrile typical of 1:4 electrolytes were observed for di—Fe (II),
di-Co (II) and di-Ni (II) complexes of 33N and 33NMe; 1:3 electrolytes for
3. 3+
[Co2 (33N)(NCS)] and [Co2 (33NMe)(NCS)] ; the tetrathiocyanate complexes
proved too insoluble for conductivity measurements, but their infrared 
300
spectra suggest N-coordination.
Variable temperature magnetic susceptibility measurements in the 
temperature range 293—93K do not indicate significant interaction between 
the metal centres; an observation in accord with data on the Cu (II)
-139 -
complexes (discussed in section (b)), where the existence of weak dipolar 
interaction between the metal centres can be inferred only from e.s.r 
spectra.
In Zn (II) and Mn (II) complexes the ions are assumed to be 
6-coordinate because i.r spectra show -NCS to be coordinated in both 
cases.
The absence of .. absorptions in the 1600 cm region suggests
C — JM
that both 33N and 33NMe complexes of Fe (II) are low-spin, and this infer­
ence is confirmed by the Mossbauer parameters. Magnetic susceptibility 
measurements on these complexes were restricted by their unpredictability 
explosive nature. Nonetheless, the room temperature moment (measured- 
on a 100 mg sample) of [Fe2 (33NMe)(Cl)2 (H20^  ICCIO^]^^ was low enough to 
rule out any residual paramagnetism, so no low temperature moments were 
measured. Both room temperature and IlOK moments were determined for 
[Fe2 (33N) (H20)^]CC10 i^]t|. The values obtained clearly rule out a high-spin 
ground state; the small paramagnetism observed at 293K could be attributable 
either to paramagnetic impurity or to the presence of small quantities of 
high-spin form at this temperature. As the axial ligands (Cl or H2O) in 
these complexes are weak, spin-pairing must rise from an unusually strong 
field in the N/^. plane. This arises presumably, from particularly good 
fit of the Fe (II) ion in the macrocycle cavity.
The i.r spectrum of [Co 2(33N) (NCS)i^ J '4H2O shows the NCS tp be 
N-coordinated and the magnetic moment has the normal value associated with
high-spin octahedral Co (II). The electronic spectrum of the mull shows
-1
the three absorptions at 24,000, 18,000 and 10,000 cm corresponding to
Tjg(F)-> T^^(P); T^^(F)-v A^^; ^2g transitions expected in
octahedral symmetry.
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The low virtually temperature - independent value of yeff for 
[C02 (33N) (MeCN)2] [C10i+]it’4H2O suggests a 5-coordinate geometry for the 
Co (II) ion, made up of four ligand donors in a square plane with an 
acetonitrile molecule coordinated in the apical position. The observed 
moment of 4.15 BM is presumably explained by the decreased orbital contri­
bution expected for Co (II) in square pyramidal (or trigonal bipyramidal)
fields. [Co2(33N)(NCS)][BPh4]3'5MeCN.H20 and [Co2(33Me)]CBPhit]3‘MeCN‘3H20
301
The high i.r frequencymay also be assumed to be 5-coordinate
indicates bridging thiocycanate so we suggest a dimeric [Co^(Mac)2 (NCS)2]
assembly where the two binuclear entities are held together by two -NCS-
bridges linking one metal atom in the first macrocycle with another in
the second, Fig.59, An analogous dimeric assembly has recently been 
43
characterized .
The [Ni2(33N) (NCS)i|]*2H20 complex clearly contains 6-coodinate Ni (II), 
as the i.r spectrum show that -NCS is coordinated. The electonic spectrum 
is as expected for octahedral Ni (II), absorption occurring at similar fre­
quencies to that observed for the octahedral mononuclear complex 
CNi(33NMe)][BPhi^]2*2MeCN, showing that substitution of two -NCS and one 
amine NH ligand for the second trimethine unit has had little effect on the 
ligand field. In CNi2 (33NMe)(Cl)2 (H2O)2  ^^ the electronic absorptions are 
shifted to slightly lower energies as a consequence for NCS of weaker axial 
ligands. The Ni. (II) complexes have moments in the range expected for 
octahedral Ni (II)..
Suggested structure of 
ECo2 (mac)2 (NCS)2]
Fig.59
-  144 - \ L.
Electrochemical Measurements
Table XIII lists the results of cyclic voltammetry studies on the 
mononuclear transition metal complexes and selected binuclear derivatives. 
These studies were performed by M.Fernanda Cabral, Laboratorio Ferreira 
da Silva, Faculdade de cirericias 4000Porto, Portugal. Fig.60, displays 
the voltammograms.
The mononuclear iron complexes show three reversible or quasi
- 2+
reversible processes. The most anodic waves at E, = +1.23 V for [Fe(33NMe)]
■ 2
and +1.16 V for [Fe(33N)]^*, correspond to an Fe^^/Fe^* redox interconversion.
This would indicate a slight stabilization of the +2 state over that in
' 55 2+ 3+ 2+ 199
[Fe L ] where E, (Fe /Fe ) is found at ca 100-150 mV less positive
The enhanced difficulty of oxidation in the case of 33N and 33NMe complexes
302
may arise from a hole-size effect in these more strained arrangements,
55
producing a larger effective cavity than in the relatively strain-free L
complex. A large hole size is expected to favour the larger Fe (II) ion.
Two reversible waves are seen at cathodic potentials corresponding
2+
to successive one-electron reductions of [Fe(Mac)] . Without e.s.r 
investigation of the reduction products it is difficult to decide the extent 
to which these reductions are metal-centred. However the intense charge- 
transfer absorption described above suggests at least one of these processes 
involves the ligand. We believe that the least cathodic of the two re­
versible waves in 33NMe and 33N complexes should be assigned to the form­
ation of an Fe (II) complex of the radical anion of the ligand. The second 
wave probably corresponds to further ligand reduction.
If the process (2)-Table XIII is an Fe (II) complex of the ligand
363
anion then it may be expected that the energy of the charge-transfer
absorption would be comparable to the difference between the energies of the 
two most anodic processes, i.e. F [ E^(l) - E^(2)]. This difference
1 4 5 -
corresponds to an energy (AG ca 238kJ) within 10% of the average energy 
(ca 220kJ) of the charge-transfer band in the electronic spectrum. While
it is a good correspondence, it must be remembered that the two energies 
199
refer to slightly different processes. They are the same in that both
cases an electron is tranferred from a molecular orbital localized mainly
on the metal of the ground-state complex. They differ in that in the
electro-chemical process the reduced species is a ground-state anion
complex of Fe (II) whereas, in the spectral process, the reduced species is
an excited state of a complex having appreciable Fe (III) character.
The complex [Co(33NMe)][BPh4]2 ' 2MeCN also shows three reversible or
quasi-reversible processes; the most anodic quasi-reversible at 0.15 V,
the second reversible, at -0.82 V, and a third quasi-reversible at-1.78 V
in acetonitrile. The first two processes are attributed to redox activity
occurring at the metal; the Co /Co and Co /Co transformations, which
55 2+
are found at very similar potentials in the [Co L ] system. The process 
is thought to be mainly metal-centred in this case because it occurs at 
much more positive potential than for Fe. The reduced species in process 
(3) (the most cathodic) may be either a Co(0) complex of neutral ligand or,
more probably, a Co(l) complex of the radical anion.
Cyclovoltammograms of [Ni(33NMe)][BPh4]2'2MeCN show a reversible pro­
cess at -1.39 V (in MeCN)) which may correspond either to a metal-centred
2+ + ,2+ 2+ _
Ni /Ni or ligand-centred Ni /Ni L redox process where the added
electron goes into a H* ligand orbital. E.s.r experiments would be required
to clarify whether this and other reductions, effect a change in metal
oxidation State.
Some preliminary measurements on the binuclear complexes show that 
redox processes are more complex than for the mononuclear species. A 
comparison of the cyclovoltammograms for the mono- and binuclear Fe (II) 
complexes can be seen in. Fig.60. Because of differences in the coordination
-146-
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[Fe(33N)][BPh.]
CFe2(33N)(H20)4 ][ci0 4]
[Co (33NMe)][BPh4]2‘2MeCN.
[Co2 (33N) (MeCN)2][C10*'H20
f-1 0 -  2 volts
Fig.60
Cyclic Voltammograms for the complexés
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A 2-electron process in 
[Fe2(33N)(H20)](C104)4?
PROCESS
(TABLE XIII) . E./^(mV)
POSSIBLE MECHANISMS
A B
_ _ _ _ _ _ _ _ _ _ _ _ _ I
( 2 )
( 2 )
-1 23
-1 37
L F^‘ Fe"L
y'
II r  IIL F^'Fe'L  
2 e-
L Fe FéL
L Fe Fe"L
L FeFeL'
CFe FeL
(3) -1-50
L Fe' FeL LFe' FeL~
; n o t  
I 0 bserved
LFeFe'L"
Scheme 1,
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environment on exact correspondence of E, values cannot be expected.
2
However, there is considerable similarity between two, the major difference 
being the appearance In the case of the binuclear complex of an irrevers­
ible reduction peak at -1.01 V, and a pair of reversible peaks in the 
place of the -1.31 V wave seen in the mononuclear complex. One of these
has a peak to peak separation of only 30 mV, which might mean that a two
3+ 2+
electron process is taking place. The Fe /Fe interconversion takes
place at virtually the same potential in mono- and binuclear complexes,
although the wave is much broader in the di-Fe (II) case. The occurrence
of the Fe^^/Fe^^ couple at the relatively positive potential in the di-Fe (II)
complex shows that Fe (II) is stabilized to the same extent in the binuclear
as in the mononuclear complex, owing presumably, to the unusually good
fit of the ion in the macrocyclic plane. Given that E^(Fe^ /Fe -)has
2
a very similar value in mono- and binuclear complexes, formation of the
ligand radical anion complex might also be expected to require similar
potential in the two cases. The correspondence of E,(2) and E,(3) values
2 2
in mono- and binuclear cases supports the idea that the reversible waves 
which appear at cathodic potential are ligand centered (in so far as the 
term can apply to delocalized systems such as these) in both cases. Possible 
mechanisms are summarized in Scheme 1.
(b) The Binuclear Cu (II) derivatives
A range of di-Cu (II) complexes, listed in. Table XIV, were obtained 
by simple transmetallation reactions using an excess of Cu (II) salt.
These complexes were usually isolated as perchlorate or tetraphenyl borate 
derivatives. Other derivatives were also possible by replacing these 
counter ions by more strongly coordinating ions e.g. NCS and NCSe .
The stoichiometry of the complex [Cu2 (33N)][BPhi|33'2MeCN and its 
DMF derivative [Cu2 (33N)jiBPh^ja*2DMF'3H2O obtained on recrystallization
-150 -
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from dimethylformamide may at first sight, seem unusual. No infrared 
absorption corresponding to coordinated hydroxide ion was found and since 
their physical properties were not consistent with a mixed valence 
Cu^*/Cu system, the cation [Cu^fSSN)]^* was assumed to be di-Cu (II) 
complex of the monodeprotonated ligand [33N-H] .
The reduced ligand R33N was obtained from 33N by borohydride reduct­
ion of the CPb2 (33N) (NCS)complex. The free ligand isolated was then 
treated with excess of Cu(C104)2'6H2O to give the di-Cu (II) complex^' 
listed in Table XIV.
The infrared spectra for the complexes show that the macrocycles 
have remained intact during the transmetallation process. All the spectra 
exhibit medium intensity ^ ^ absorption in the 1610-1625 cm~^ region.
In the case of 33N the absorption appears as a medium-weak band
-1
around 3200 cm ,R33N shows a similar band although much enhanced in in­
tensity - which is consistent with the existence of six >N-H groups in 
this macrocycle. The frequency of the absorption varies significantly 
from one complex to another indicating hydrogen bonding interactions. For 
the two perchlorate derivatives, CCu2(33N)][C10i^ ]4* 4H2O and 
[Cu2 (R33N)][C10i|]4* 4H2O, the symmetric stretching and bending 
vibration of CIO4 show up strongly as unsplit bands at the normal ionic 
frequencies, so there is no indication of CIO^ coordination in these com­
plexes. Those infrared bands corresponding to the pseudohalide vibrations 
demonstrate coordination in all cases. As these frequencies appear at the 
low end of the range the inference is that coordination is terminal 
and through nitrogen. The uniquely low frequency for
CCu2 (33N) (NCS)23[BPhi^]2* 2MeCN will be discussed in detail later.
Where solubility permitted the conductivity measurements (Table XII) 
were consistent with, ionic CIO4 7 coordinated NCS” in solution.
— 153 —
TABLE XV
ELECTRONIC SPECTRA OF THE Cu (II) COMPLEXES 
OF 33N, 33NMÔ and R33N
COMPLEX
ELECTRONIC SPECTRUM^
-1 
(cm )
CCu2(33N)]CC10i,3j^-4H20 15,900 (333)
[Cu 2(33N)(NCS)z,] 15,900 (MULL)
[Cu2(33N)(NCSe)4] 16,300 (MULL)
[Cu2(33N)(NCS)2][BPh4]2'2MeCN 15,100 (280); 16,300 (MULL)
[Cu2(33N)(NCS)2][C104]2- 2H2O 14,900(190) 15,500 (MULL)
[Cu2(33N) (N3)2][BPhi,]2*H20 Unstable; not studied
[Cu2 (33N) ][BPh^] 3 • 2MeCN 16,200(190)
[ Cu2 (33NMe) ] [CIO4 ] 4 • 4H2O 14,900(350) 15,100 (MULL)
[Cu2(R33N)]CC104]4*4H2O 16,950 (347)
a In acetonitrile solution; extinction coefficients,c, in parenthesis 
(1, mol . cm ).
154 -
I
The electronic spectra were recorded between 30,000 and 5,000 cm ,
as acetonitrile solutions and for Nujol mulls. These are summarized in.
Table XV. All the complexes show one, broad, medium intensity absorption
close to 16,000 cm This is consistent with octahedral or square-based
5-coordinate geometry around the metal. The high values obtained for the
extinction coefficients is probably a consequence of distortion from these
ideal geometries.
The magnetic data (Table XIV) suggest the existence of a very weak
interaction (J, -15-20 cm )^ between the copper centres; the Curie -Weiss
plots lie close to linear with 0 values ranging from -10 to -20°.
X-band e.s.r spectra were studied to further investigate the extent
of interaction between the copper ions. Table XVI shows that the Cu (II)
ions are in a d ground state in all cases; the g and g values
lying in the range expected for tetragonally extended octahedral or square-
pyramidal geometry (see appendix on e.s.r). Powder spectra of the Cu2 (Mac)X4
complexes show only broad signals at g and g with no resolved hyper-
X 11
fine structure. When studied as frozen solutions, these signals sharpen 
and the hyperfine splitting on g becomes apparent. When BPh^ is used 
as the counterion, the polycrystalline sample is already sufficiently 
magnetically dilute to show hyperfine coupling in the neat solid; frozen 
solution spectra merely sharpen the pattern. Fig.61 shows the g =Z signal 
obtained from CCu2(33N)][C104]4*4H2O frozen solutions in DMF .. The 
spectrum is axial, showing in the parallel signal five lines of relative 
intensity 1:2:3:4:3; the remainder of the parallel signal being over­
lapped by the more intense g component. Because of the intensity pattern
X
and the non-appearance of any parallel component lines to high-field of
the perpendicular signal, these five lines are interpreted as originating
from a 7-line, 1:2:3:4:3:2:1 g pattern. The hyperfine splitting con-
11
stant, A , is around half the value expected for mononuclear compounds 
of this type, and is close to the value typically observed for Cu (II)
dimers .
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E.S.R OF [Cu,(33N)][C10,]/4H-0
Fig.61
Ail the complexes of Table XVI have the same hyperfine splitting 
pattern in frozen solution; although some spectra are better resolved than
others; in all cases five lines can be discerned on the side of the
signal with similar intensity ratio to those in the [CugCSSN^DCClO^D^'AH^O 
spectrum. The ^a 80 G hyperfine coupling is clear indication of inter­
action between the metal centres in these di-Cu (II) complexes. Examination 
of the 1500-1600 G region of the [Cu2 (33N) nCClOi^ D^ * 4H2O spectrum at high 
sensitivity provides further corroboration; the forbidden ’half-band' AM=2,
3. '
signal appears weakly. The signal,which appears approximately 10~ X 
the intensity of the g=2 signal, is split by hyperfine coupling to the two 
equivalent copper nuclei into the expected 7-line pattern. Similar 7-line 
half-bands were observed for the other species listed in table XVI, though 
not for the relativelyinsoluble tetrathiocyanato and tetraselenocyanato
—157
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complexes where even the main band signals are weak. The appearance of the 
AM=2 signal in both solid state and frozen solution spectra of 
[Cu2 (33N)][BPh:^ ]3 solvates is proof that these are dimers and not mixed 
valence Cu (II)/Cu (I) compounds. Fig.62. The weak interaction in both 
these complexes is reflected also by the observed, small zero-field split­
ting, D, (D<Aii) of ca 30 G, Fig.63.
CCu2 (33N)(NCS)2][BPh4]2 '2MeCN
This thiocyanate derivative merits individual discussion by virtue
of the unusual v (NCS) observed for the complex in its Mull and KBr disc as
— 1
infrared spectra. In these media absorption was found at 1992 cm ;
infrared studies performed in acetonitrile solution demonstrated only the
- 1
more usual v^^(NCS) frequency around 2080 cm .
Chapter 1 has already reviewed the usefulness of infrared data in
determining the bonding mode adopted by coordinating thiocyanate. Of all the
studies the most distinctive correlation, albeit based on a handful of
known examples, appears to be the association of nitrogen-atom-only bridges
-1
with the occurrence of the thiocyanate asymmetric stretch below 2000 cm 
If this was the case in [Cu2 (33N)(NCS)2][BPh^]2 2MeCN then (a) it would rep­
resent a further example of what is still rarely observed bonding mode and;
(b) we could expect to see substantial interaction between the copper 
centres - an expectation which is in conflict with the observed e.s.r and 
magnetic behaviour, indicating only weak interaction. Accordingly an X-ray 
crystallographic investigation was undertaken to establish the structure 
of CCu2 (33N) (NCS)2]CBPht^]2’2MeCN. As described below the complex does not 
contain bridging NCS but, rather terminally N-coordinated HNCS. This 
result requires the reformulation of the title compound as
[Cu2 (33N)-2H)(HNCS)2][BPh4]2'2MeCN. It would therefore appear that proton
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transfer from the secondary amine nitrogen to the thiocyanate has occurred
2 —
to produce anionic ( 33N~2H ) macrocycle and coordinated isothiocyanic 
acid. Fig.64.
X-ray Crystal Structure
The structure. Fig.65 of large green needles of 
CCu2 (33N-2H)(rtNCS)2][BPh4]2‘2MeCN was performed by Dr MGB.Drew of the 
University, Reading. A difference Fourier map was used to indicate possible 
positions for the hydrogen atoms on the thiocyanate nitrogens. Refinement 
was obtained to an R value of 0.087.
The unit cell contains two independent centrosymmetric 
2+
[Cu2 (33N-2H)(HNCS)2] cations, four tetraphenylborate anions and four 
acetonitrile solvent molecules. In each complex cation each 5-coordinate 
copper ion is bonded to three nitrogens of a tri-methine unit and to one 
deprotonated secondary amine group, these forming a distorted square- 
planar arrangement around the metal ions with the four Cu-N distances fall­
ing in the range 1.91-2.loS. The nitrogen atom of the isothiocyanic acid 
molecule occupies the apical position. The Cu-N distances for the axial 
isothiocyanic acid are considerably larger than those in the square-plane, 
although it is short enough to constitute a definite bonding interaction.
An unusual feature of the structure is the very small Cu-NC(S) angle
(109.1(22)° and 99.6(19)°). This appears to be the smallest yet observed.
• o’t'Jhere angles in the range 150-180 are usually observed for MrN-C(S). Of
the two thiocyanic acid molecules one is disordered ; angles for the
ordered molecules are 104(2)° for Cu-N-H and 152(10)° for H-N-C(S).
There are no close contacts between the HNCS molecule and the BPh^ anions
and no obvious reason for the small Cu-N-C(S) angle other than protonation
at the NCS nitrogen atom. The MeCN solvent molecules do not interact
with the complex cation.
162 —
X-RAY CRYSTAL STRUCTURE OF [cuj^  (33N-2H) (HNCS)J [BPhi^ ]^ - 2MeCN
Fig.65
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TABLE XVII
SELECTED CRYSTALLIOGRAPHIC PARAMETERS
FOR CCu2(33N-2H)(HNCS)2][BPhqlg'ZMeCN
DISTANCES (&) ANGLES (A°)
Cu(l)-Cu(2)
Cu(l)- ^ (1) Cu(l)-N(5)C(S) 109.1(22)
Cu(l)-N(2) % 013.(0%^ ) Cu(2)-N(10)C(S) 99.6(19)
Cu(l)-N(3) 181% (0\2»T
Cu(l)-N(4) :z 0 1 3  C019) Cu-N(5)-H 104(2)
Cu(2)-N(6) % 0 %% Co»z) H-N(5)C(S) 152(10)
Cu(2)-N(7) (015)
Cu(2)-N(8) \'Ro9 (OIL)
Cu(2)-N(9) Z'OGL (00.3)
Cu(l)-N(5) 2.314(20)
Cu(2)-N(10) 2.329(18)
N(5)-C 1.06(3)
N(5)C-S 1.78(3)
■
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[Cu2 (33N-2H)(HNCS)23CBPh4]2‘2MeCN is the first authentic example 
of a compound containing coordinated thiocyanic acid, although proton­
ation (presumed to be at sulpur) of N-coordinated NCS in some Co (III)
304
complexes in conc. H2SO4 has been proposed . The title compound is
and
also unique in the context of other thiocyanato complexes of this related macro
cyclic ligands. Thus, in [Cu2 (33N) (NCS)23[C10 i^ ]2 '2H2O and [Cu2 (33N) (NCS)
X
V (NCS) occurs at ca 2035-2075 cm i.e. in the normal range for terminal 
as — -
N-bonded NCS . The effect is also restricted to the solid state since
- 1
acetonitrile solutions show only normal v at 2070 cm .as
An important factor in the stabilization of coordinated HNCS in 
[Cu2 (33N-2H) (HNCS)2][BPhq^]2' 2MeCN appears to be the acidity of the 
secondary amino groups of the macrocyclic ligand which are strongly co­
ordinated in the equatorial plane of the copper (II) polyhedron, leading 
to NH to NCS proton transfer. This view is supported by the isolation of
the tritetraphenylborate salt CCu2 (33N)3CBPh4 3 3*2MeCN which on the basis
293
of its stoichiometry, magnetic properties (yeff per Cu atom = 1.86 BM) ,
e.s.r spectra (half-band at g ca 4) and the absence of other anions such
as OH , must be formulated as a di-Cu (II) complex of the mono-deprotonated
ligand (33N-H)", i.e. [Cu2 (33N-H)][BPhi^]3-2MeCN. Some preliminary X-ray
studies on this compound were conducted"however.,disordering of the tetraphenyl
borate anions complicated the refinement. Cu ... Cu distance was
ket^ 'a—
estimated to be ea 7.0&. No tetraphenyl-borate salt could be isolated, 
although a tetraperchlorate,diperchlorate-ditetraphenylborate were readily 
prepared. This could be due to difference in anion size and more efficient 
crystal packing for the perchlorate. Indeed [BPh^] may be further impli­
cated in that the occurrence of coordinated HNCS in
CCu2 (33N-2H)(HNCS)23[BPh4]2* 2MeCN and not in ECu2<33N) (NCS)2]CC10 :^ ]2-2H2O 
may be related to the provision in the former of a non-polar enviroment 
wherein the usual (i.e. aqueous) Bronsted acidities of coordinated amine 
and thiocyanic acid are reversed.
-  165-
Complexes of the tnacrocycli'cligands P and H
P • R = ( C H 2 ) 5
H : R =  (CHgig
The macrocycles P and H 
Fig.66
It has already been demonstrated that the macrocycles 33N and 33NMe 
are capable of binding two metals at relatively remote positions. We 
attempted the synthesis of the smaller macrocycles, P(24-members) and 
H(26—members) which contain only three equatorial donors to a binuclear 
site to see whether bridging configurations, making use of vacant sites, 
could be obtained using NCS , N 3 etc. Attempts to condense 1,4-diaminobutane 
and DAP or DFP on Pb(NCS)2 were unsuccessful.
The ligands were prepared by template methods in the presence of 
Pb(NCS)2 , as described in the experimental section. Transmetallation was 
employed in the preparation of the transition metal complexes.
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The various Pb (IT) complexes isolated are listed in Table XVIII
together with selected i.r data. The spectra, in all cases, show the
- 1
presence of at ca^  1635 cm , implying that the Schiff-base form­
ation has occurred in the synthesis and has been retained throughout the 
various derivatives. The crystalline nature of the complexes and the
similarities, in all respects, that they display to the analogous
55
[PbzLCNCS)^] systems where L = 33N, 33NMe and L , lead us to believe that 
[2 + 2] macrocyclic condensation has taken place. The complexes 
CPb2L(NCS) 1^ ], when L = P and H were interesting because of their unusual 
thiocyanate infrared spectra.
— 2 •
The presence of abnormal frequencies less than 2000 cm in the
complexes suggested the presence of single-atom N-only NCS bridges.
In chapter one the presence of i.r absorptions below 2000 cm was considered 
diagnostic of the single-atom bridging mode NCS . Earlier in this chapter 
I introduced a new bonding mode of thiocyanate, in its acid form, which 
also exhibits below 2000 cm . The absence, in P and H, of acidic
protons leads us to believe that in this case N-only bridging thiocyanate 
was present. Subsequent X-ray crystallographic confirmation was supplied 
by Dr MGJB.Drew and P. Yates of the University of Reading.
The Structure of [Pb2P(NCS)4]
The structure is still in a preliminary stage of refinement. Each 
lead atom is bonded to three nitrogens from the macrocycle and one terminal 
S-bonded thiocyanate; this Pb2P(NCS)2 fragment fits C2 symmetry. In 
addition, the two metals are bridged by two thiocyanates which are dis­
ordered. There is one NCS group bridged through nitrogen to both lead 
ions. This nitrogen atom sits on the two-fold axis but the C and S atoms 
are disordered either side of the two-fold axis. The other bridge is more
-  1 6 8 -
VO
ci• r4
Pm
168 a
TABLE XIX
SELECTED CRYSTALLOGRAPHIC DATA
FOR rPb2P(NCS)q]
BOND DISTANCES & BOND ANGLES (°) -
Pb-N(CS) 2.73 c, - py - N
MU')-Pb-N ^10 (»S)
Pb-N(l) 2.48 \a\-3C\s')
H  (3) -Pb -N ^^'4 (2.1)
Pb-N(2) 2.43 s —  - S 1 % 0 (to)
M (,) - P b  -N 91-S (2 2 ^
- Pb-N(3) 2.55 S —  Pb “ Ub) ( ?)
M  (\) — Pb - 5 \\(o-0 (tt)
Pb-S(CN) 2.89 s — Pb -N(%) VSaCw)
M 1%) - Pb t 57-2 05)
Pb-S*(CN) 3. 06 S -  Pb -H  C3>) 99-1 ((O') (3") - P b —  b  lOS SOs)
*
Pb-N (CS) 3.49 tsj Ct) — Pb "" N (2.) ? (13)
Pb ... Pb 4.34 M - Pb -N(3) 1-30 -SCi)
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complicated. The two Pb (II) ions are bridged by a thiocyanate (NCS ) 
ligand in the 3-atom Pb-SCN-Pb manner. However, this bridge is only 
weakly bonded to the Pb ions and there are two different orientations in 
the approximate ratio 2:1. In addition these two orientations are dis­
ordered over the two fold-axis so that the electron density in this area 
represents four super-imposed thiocyanates. Only one orientation is 
shown in the figure. The Pb ... Pb separation is £a 4.34%.
The N-only bridging configuration, as expected from i.r, was thus 
confirmed. The complex represents a further example of what is now a 
growing number of structurally defined compounds containing NCS in what 
hitherto was an extremely rare type of bonding. The results strengthen 
the correlation between structure and i.r spectra for this bonding mode.
In, Fig.6 8, the pseudo-asymmetric region of all the di-Pb (II)
thiocyanates of P are diplayed. [Pb2P(NCS)^] shows four bands in this 
region. The strong absorptions at 1970 and 2084 cm  ^are assigned, 
respectively, to the single-atom and the quasi-3-atom bridging thiocyan­
ates wo closely spaced absorptions at 2041 and 2019 cm  ^are attributed 
to the S-terminal thiocyanates of both Pb (II) ions. On proceeding to the 
di- and mono- thiocyanates a progessive removal of the various types of 
thiocyanates is seen. In [Pb2P(NCS)%][C10^]2 only the frequencies due to 
the single and 3-atom bridging thiocyanates remain . The S-terminal NCS 
of [Pb2P ( N C S ) have therefore been removed and the residual 2+ charge 
balanced by perchlorate ions. In CPbP(NCS)][C10^]3 only the single 
bridge remains. The removal of the 3—atom bridging NCS will create 
vacant coordination sites. Splitting of and CIO^ i.r absorptions 
into three components in this complex would be consistent with the 
di-coordination of perchlorate in (local) C^y symmetry in order to satisfy 
the coordination requirements of the Pb (II) ions. The observations
- 1 7 0 -
2100 . 2000 ISOD
rPbjP(NCS)irC]:o,,l
[PbjP (NCS)2][C10i,]
I.r. spectra (1800-2200 cm region) of Pb (11)
thiocyanate complexes of P 
Fig.68
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of the normally forbidden perchlorate absorption at 920 cm  ^ is tent­
atively assigned to reduction of symmetry from on bridging. The 
persistence of the single atom bridge in all these complexes suggests that 
it is a very stable configuration.
The macrocycle H, which contains six -(0112)2“ groups in each flank 
behaves similarly. Thus in the examples [PbgHXNCS)^] the various 
frequencies given are assigned as follows: N-only bridging, NCS, at
2010 cm , S-terminal, -SON, at 2068 cm  ^and a long 3-atom bridging,
-NOS-, at 2085 cm \
Both S-terminal thiocyanates in [Pb2H(NCS)ij] appear as one absorpt­
ion indicating that they exist in equivalent environments In [Pb2P(NCS)4] 
S-terminal thiocyanate is split. This may by explained as arising from a non- 
equivalence brought about by twisting of this smaller macrocycle which 
is apparent from the structure given in. Fig.67.
The Heterobinuclear Complexes of P
Transmetallation under the conditions described, resulted in, rather
surprisingly, the isolation of a series analysing to [PbMP which
seemed to contain one Pb (II) and one M (11) ion (M = Mn, Fe, Ni) in the
macrocyclic cavity. X-ray structural confirmation has been obtained for
one of these complexes, namely [PbMnP(NCS)ij].
The physical data obtained for the complexes are summarized in
tables XX and XXI. The magnetic moments of the Mn and Ni complexes are
in the ranges expected for these ions in their high-spin forms.
2+
[PbFeP(NCS)2] appears to be in a high-spin/low-spin equilibrium. The 
low solubility of the complexes in acetonitrile made conductivity and 
solution electronic spectra measurements difficult. The mull spectra
of fPbNiP(NCS)2][C10i|]2*2MeCN shows a well resolved band, maximizing at
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11,700 cm which is assigned to A ->• T (in 0, symmetry.) while a
28 28 _ \
— 1  ^  ^ ^
weak band at 18,600 cm is assigned to the A ->• T (F) transition.
3 3
Intense ligand absorption around 25,600 cm obscure the A T (P)
28 l8
transition.
The physical and analytical data suggest one mol. of transition 
metal to be present per mol. of macrocycle. This gives rise to two 
possibilities; either (a) these compounds consist of an equimolar mixture 
of di-Pb (II) and di-M (II) complexes of the macrocycle P or, (b) the 
compounds consist of heterobinuclear cations, where one Pb (II) and one 
M (II) ion are encircled within a common macrocyclic cavity. We favour 
suggestion (b) since the probability that two different binuclear complexes
would crystallize out in exact 1:1 ratio, in all three cases Mn, Fe and Ni,
seems remote. The structural confirmation mentioned earlier was obtained 
for the case of PbMnP(NCS)4 .by Dr MGB Drew and P Yates of the University 
of Reading.
The Structure of [PbMnP (NCS)i. ]
Refinement is still in a preliminary stage and is illustrated in.
Fig.69. The structure consists of two metal atoms (separation 4.85^)
enclosed in the macrocycle, each bonded to the nitrogens of one trimethine
moiety. In addition each metal is coordinated to a terminal NCS via
nitrogen. The result of disordering this PbMnP(NCS) unit within the macro-
2.
cycle is to make the corresponding Pb-N and Mn-N bond lengths appear 
equivalent. The-Pb ion is sulphur-bonded while the Mn ion is nitrogen- 
bonded.
The pseudo-antisymmetric absorption occurs in the region
characteristic of 3-atom bridging, NCS. This suggests that both metal ions 
have octahedral coordination spheres made up of three macrocyclic N-donors,
~  174
O
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SELECTED CRYSTALLOGRAPHIC DATA FOR 
CPbMnPCNCS)^]
TABLE XXII
BOND DISTANCES (&) BOND ANGLES X°)
Mn-N(4) 2.391(2-^ ) CS) — "PWmri -
fOL6 ) -
-^o.X
Mn-N(5) 2.276C3f)
Mn-N (6 ) 2.4 3 k M
1-61.1 1^1
Mn-N(3)CS 2 .4 5 4 W lOCSI
gl.oCio)
Mn-N(2)CS ( S ) to ife')
9U.0 Ûo)
Mn-N(l)CS 2.11 C 3) isj tM) —  ? b / —  tJ Ij )
‘Zh.l Û 0I
Pb-S(1)CN 3.36IC%6)
Pb-S(l')CN 3.273ao
Pb ... Mn 4.85
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two bridging NCS and one MeCN or terminal NCS. The suggested Pb N^S2 
and M N5 coordination confirmed for Mn (II) and suggested for Ni (II) and 
Fe (ri) reflect the relative hard or soft nature, in the Pearson sense, 
of the Pb (II) versus M (II) ions. In the dithiocyanato complexes,
[PbMP(NCS)2][C10/4]2'2MeCN (M = Ni , Fe), acetonitrile is envisaged as 
replacing the terminal thiocyanates of [PbMnP(NCS)4].
The ■ Ho*T\obinuclear Transition Metal Complexes of P and H
Tables XXIII and XXIV comprise the physical data for the five hetero­
binuclear complexes of P and the single complex of H. The i.r spectra 
of the thiocyanate complexes show the NCS acts, as a 'long* (3-atom) 
bridge. Bearing in mind that the conductivity measurements indicate 
2:1 electrolytes and that the structure of [PbMnP(NCS)4.3 has demonstrated 
the feasibility of the double intramolecular bridge, it seems likely that 
coordination of the metal ion is octahedral with one axial and one equat­
orial NCS as depicted in Fig.70.
X
COMPLEX X
CCU2P(NCS)2](BPh^)2 •H2O 
[CU2P(NCS)2](0104)2-H2O
[Fe^P(NCS)23CC1 0 4 3 2* -MeCN CIO4'
[Co2P(NCS)2][C104]2' MeCN CIÛ4*
CC02P(NCS)2]CCIO4]2 -H2O CIO4'
Fig.70
-177-
M
M
I
CO
I
S
u
II
I
H
g
I
ü
1
I
|l
0
U
U
M
H
1
V
s
J vD vO 00 o
cT CV| CM O VO ~xi
1 CO CM CM CM
VO
CO CJV
\ LTl /-V O CO a\ CM /—V t—1
CM CTv CM *' rd X o  X
CO CM co CM CM CM CO co CM CO
O O o O O O o  O O O O
< O O O O O O O  O O o o
s S 00 VO O O VO VO O O O VO
ro
H ►4
a O VO m m CO CO cr, vO co M}- 00 co
w CO CVJ 1— 1 CM r-l r-H r-i r—1 r—1 CM 1— 1 1— 1
Pk
co
u
M
gq
g 43 Æ Xi XiH co CO co co
O
M O o o O O O O  O O O o
|ri q O O o O o O o  o O o o
M O CM 00 VO o co vO 00 00 o o -t
m CM VO MT co o  VO MT CM 00 coV»/ '«H CM iH rM M CM y  M CM r-4 M
O 1— I M CO
CTv 00 CTV 1— 1 1— 1
nJ en
O <y\ T-I r*H I— t T—1 CM 'd‘
M
X 1-I <N 'd' CM O O
M-l co t-i as o\ 00 CM
(U cr»
3. CN CN T—1 1— 1 co CO <r
OJ
rM 3 ti
(U a &
(U u O o
U 3 u 5-,
00 çu rO Xtiq (U (U (U eu X xi3 3 0) a) M u
o 1— 1 1— 1 M 0) 3 cd
u rû rO 60 TJ T) no
53 53
O O CJ CJ
CM CM 3 3
w w S S
*CM CM CM CM CM
O 1— 1 ro ro ro ro
<N J* j- d- d- d-
M O O O O
sr r— t PL, I— 1 r—1 r—i
CJ m CJ CJ CJ
j" L-J i_j L-J L_J 1— 1
1— 1 1— 1 1— 1 1— 1 1— 1 ro
j- CM CM N CM CMo
r-4 CO CO CO CO CO
CJ CJ O O O CJ
X 53 53
w '— %
PL, PL, PL, PL, PL, m
Bd CM CM CM CM CM CM5 3 d 3 0) O Oo CJ CJ CJ pc. CJ CJ
CJ 1__ 1 1__1 1__ 1 1__ 1 1__1 1__ 1
CQ
•H
tn
<U
+j
g
*
Oi
c
•H
co
B CJno o
OJ o
CM
3 CJ
O 3
•H3 CJ 3
O 3 rH
•H r—1 •H
O ÎJ
T— 1 co CJ
3 •H
4J 3 3
(U r-J O
e •iM CJ
U 3
PJ CJ 3
0) . *H 3
PX 3
o 3
co CJ •H O"
CJ (U c
3 u S coQJ 3 co
a 1 M-,o 3 o 3s M iH Pd
3 X CJ n #
- 1 7 8 -
table XIV
SELECTED I.R DATA FOR THE HOMOBINUCLEAR COMPLEXES
COMPLEX
^C = N Vpy ^NCS ^C10%
[CugflCClO^]^' AHgO 1620(m) 1587(m) — 1 1 0 0(g,br) 
638 (m) 
629(m) 
625(sh,m)
[Cu2P(NCS)2][C104]2'H^O 1625 (m) 1585 (m) 2118(s) 1090(s,br) 
625 (m)
CCu2P(NCS)2][BPhi^]2- H2O 1618 (m) 1584(m) 2 1 2 0(g)
1 1 0 0(g,br)
CF62P(NCS)2][C104]2 •MeCN 1623(br) 1583 (in) 2100(b)
2123(g)
628(sh) 
625(m)
[Co2P(NCS)2][C104]2 MeCN 1628(^0 1583 (m) 2 1 1 0(g) 1 1 0 0(m,br) 
640 (m)
628 (m)
[Co2H(NCS)2][C10432 H2O 1625 (m) 1582 (m) 2 1 0 0(g) 1 1 0 0(g,br) 
630 (m)
625 (m)
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The macrocyclic ligands P and H supply the N-donors for the remaining
3 equatorial sites. In this way five positions on a square pyramid are 
utilized. This geometry is to the liking of Cu (II) and probably exists
in the [Cu2P(NCS)2]^ cations. In the cases of Co (II) and Fe (II) where
strict 6-coordinate octahedra are required the remaining 6th axial site 
is occupied by perchlorate. This is evident from the splitting of the
V3 and i*r vibration modes of CIO^ into two components as expected 
for C3V local symmetry. Conductivity data implies that these weakly 
bound perchlorate ligands dissociate in solution, probably to be replaced 
by solvent acetonitrile.
Magnetic measurements in the range 293 to 93K demonstrate the
evidence of high-spin -w- low-spin equilibria in the compounds
[Co2L(NCS)2]CC10t|]2 L = P,H. Equilibrium appears to lie much closer to 
low-spin at room temperature in the case of ligand P, than ligand H,
coVwcVv a.'Te,
though magnetic behaviour may be complicated by interactions stronger with 
P because of the shorter internuclear distance.
The three electronic transitions of each complex, listed in tableXXHI
correspond, in order of decreasing energy, to the T (F)-j- T (P)
4 4 4 4 Ig
^ ^ ^ „ transitions expected for octahedral symmetries
 ^o 2ë IS 2o
The di-Fe (II) complex, too, exhibits high-spin -w- equilibria. This 
is responsible for the weakness of the ^ absorption at 1625 cm" ,
which is normally absent in low-spin Fe (IT)—trimethine complexes (see 
[Fe(33NMe)] J, The d^ orbitals are the non-bonding t ^ set-which, in the 
low-spin Fe (II) become fully occupiedjthus enhancing the degree of 
charge-transfer to theTT-antibonding orbitals of C = N. The mull electronic 
spectrum of this complex displays a pair of intense charge—transfer 
absorptions at 21,500 and 17,200. Such a splitting has already been discussed 
for the low-spin mononuclear complexes of 33NMe mentioned éarlier. It has
180 “
been attributed to a splitting of the t set into e and b£ levels due to 
distortions from octahedral symmetry. These signals dominate the spectrum 
to the extent that d-d transitions are obscured.
The electronic spectra of the Cu (II) complexes are not particularly 
helpful in assigning a structure to the cations. They are however con­
sistent with the suggested square-based symmetry.
Magnetic moments, Table XXIII, would suggest weak antiferromagnetic
interactions. The solid state e.s.r spectrum of [CU2P(NCS)2][BPhi^]2 H2O
shows a poorly resolved pattern, which comes up clearly on the 2nd
derivative function as 5 lines of the correct intensity ratio for a seven-
line pattern, Fig.71. Observation of the 'forbidden' M = 2 signal at
10 X the sensitivity of the main-hand signal, provides further corroboration
that the binuclear Cu (II) centres in this system are antiferromagnetically
coupled. The magnetically non-dilute compounds CCu2P]CC1043 i^ 4H2O and
CCU2P(NCS)2]CClO^ Jj^ * 2H2O exhibit analogous spectra as DMF glasses.
Figs.72,73. For [Cu^FJCClO^]^ 4H2O two strong perpendicular signals are
evident and correspond to zero-field splitting (D = 70 G). By the same
the token the parallel signal around g = 2.31 is complicated by over—
lapping of two parallel patterns each split into seven lines by hyper-
fine coupling. The zero-field splitting parameter D = 70 G is greater
than the value of ca 30 G obtained fori CCu2 (33N) JCBPhi^Ds 2MeCN and is to
be expected so because of the smaller ring-size of P allowing closer approach
of the Cu (II) centres. However in the present case D has almost the same
value as the hyperfine coupling constant A._ = 76 G and it is this coinci-
U
dence which complicates the parallel pattern. The pattern for the complex 
[Cu;^(NCS)^CC10 .^]^ H20 is also complicated - the parallel lines do not occur 
at regular intervals nor do the intensity ratios match the expected 
1:2:3:4:3:2:1 expected in a coupled binuclear Ca (II) system. The result 
may again be due to overlapping of more than one pattern as mentioned above.
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COMgLEXES OF THE MACROCYCLIC LIGAND Q
The ligand Q was prepared, as described in the experimental section,
by the template synthesis and isolated as complexes of the template metal 
ion. The other complexes, in most cases, were obtained via transmetal­
lation. Q differs from the earlier DAP-based macrocycles in:
(a) The nature of its ' donor set, compared to the of P and H
or *Ng' of 33N and 33NMe and:
(b) The larger bite presented by the potentially tridentate moiety (A), 
Fig.74, compared to that of the trimethine group in the DAP-based 
macrocycle, which might be expected to reduce its complexing power.
This effect will be compounded by the fact that nitrogen in pyridine is much
more basic than oxygen in furan. The results of a study of di-Cu (I),
209-211
di-Cu (II) and di-Co (II) complexes of closely related DFF-based
57; 57b
macrocycles L and L show that these furan-based macrocycles function 
quite differently from those of the trimethine type. Thus, in P, H, 33N 
and 33NMe each metal is associated with one trimethine moiety in a 
'North-South* manner, while in L ^ and L ^ and as will be demonstrated 
in Q, the metals are incorporated into the 'East-West' poles of the macro­
cycle; furan oxygen remains uncoordinated.
'a'
i-^A
Fig.74
-185 -
Template Reactions
Reaction of 2,5-DFF with 3-oxapentane-l,!>-diamine in the presence 
of Ca (TI), Sr (II) and Ba (II) leads to either [2 + 2] macrocycle or 
[ 1 + 2 ]  open-chain (or 3/4 macrocycle) depending on choice of solvent and
metal. In all cases nicely crystalline products were obtained which had no
“ 1 —  1
_ Q absorption at ca 1700 cm but instead showed ^ at 1620-1630 cm
The open-chain forms show as a doublet at 3100-3400 and at ça
1600 cm \  Analytical composition and the occurrence of P at m/e = 384
in the mass spectrum of a compound [QHlCBPh^], obtained by reaction between 
[Ag2Q]CC10ij]2 ' 2H2O and NaBPh^ .provide further evidence for macrocycle
formation ,
The electrical conductances given in Table XXV, fall in the ranges
expected for 1:2 electrolytes. The and i.r modes of CIO4 occuring at 
— 1 .1090 and 625 cm exhibit some degree of splitting in all cases except 
[CaQ][C10^]2 EtOH H2O indicating bonding in order to satisfy the metal’s
— 1
coordination number requirements. The presence of v bands around 3420 cm
Url
suggest additional coordination of H2O and EtOH solvent for the same reason.
The *H n.m.r data in CD3CN solvent confirm the conclusions relating
to the nature of the ligands Q and 3/4 Q; assignments can be found in
Table XXVI. All the Ca, Sr, and Ba complexes exhibit furan and imin.e
proton signals at ca 7.0 and 8.2 ppm. In its 3/4 ring form Q shows four
F
sets of triplets one at ca 2.9 ppm corresponding to H adjacent to amine,
one at 3.8 ppm due to adjacent to imine, and two very closely spaced
p E
triplets between 3.5 and 3.7 ppm, corresponding to the similar H and H 
protons which are adjacent to the ether oxygens. In its macrocyclic form
and appear as a broadened singlet around 3.8 ppm with the required
relative intensity for 16 protons.
The complexes [M(3/4Q)][C10^]2*H2O (M = Ca,Sr) are very insoluble 
in alcoholic solvents and crystallize out within minutes of the mixing 
of reagents. It was found possible in the case of Ca (IT) to convert
-186 -
this product into the macrocyclic complex [CaQ][C10i|]2'H2O simply by pre­
venting the 3/4Q complex from crystallizing out. This was achieved by 
adding 10% (V/V) of acetonitrile to the solution and refluxing. An anal­
ogous result was not found in the case of Sr, where only the 3/4-macro- 
cyclic complex was obtained. Perhaps in this case the amine groups are
are coordinated in positions too remote to be bridged by incoming
2+
2,5-DFF. Conversely, no [Ba(3/4Q)] complex was isolated, a reflection 
possibly, of barium's preference for coordination numbers greater than 7.
Transmetallations
The non-coordination of furan oxygens in the transmetallated pro-
5?3 57% 209-211
ducts of L and L , and as will be seen also in Q, means that
in contrast to the pyridine-based macrocycles the metal ions are bound to
the macrocycle by at least two imine bonds or more if the ether oxygens
coordinate. Thus, in the binuclear systems, it should be possible to
bind substrate molecules in an East-West bridging fashion between the two
metal centres. The binding of axial monodentate ligands can be used to
achieve higher coordination numbers, if required.
Transmetallation of [BaQ][C10 t^ ]2'Et0H*H20 with Ag (I), Cu (I) and 
Cu (II) afforded.the complexes listed in the latter half of Table XXV.
The single di-Ag (I) complex [Ag2Q][C104]2*2 H20 and its daughter pro­
duct [QHjCBPh^] both behave as expected in their physical properties. 
Conductivity measurements suggest 1:2 electrolyte behaviour for the former 
and 1:1 electrolyte behaviour for the latter. I.r and n.m.r data.
Tables XXV, XXVI, follow closely those already described for 
[MQ][C104]2'Et0H" H2O (M = Ca, Ba).
The coordination environment around each silver is envisaged as 3 — 
coordinate 'N2O', where each silver ion is coordinated to two imines and 
one water. Whether or not the ether oxygen coordinates is difficult to
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ascertain; i.r spectroscopy is unhelpful because of the presence of
-1
perchlorate and other strong ligand absorptions in the 1100-1200 cm region.
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However, experience with other macrocycles L and L containing ether
groups, suggests that this is not a good coordinating species to Ag (I)
43,45
or indeed to transition metals .
Treatment of [Ag2Q][C1 0tj2'2H2O with NaBPh^ in acetonitrile solvent 
resulted in a precipitate of AgBPhij and the isolation of a macrocyclic 
white, crystalline material which is posssibly [QHJEBPh^] exhibiting mass
spectral parent ion at m/e = 384. The observation of a medium intensity
“ 1 . . . .
absorption at 3530 cm ' would be consistent with protonation on nitrogen.
Tliree. di-Cu (I) complexes were prepared containing various light­
ing molecules. The coordinating ability of these molecules is reflected 
in the electronic spectra of the complexes. Thus, as the strength of 
ligand increases in the series H2O, MeCN, pdz (pyridazine), the complexes 
change colour in the sequence yellow orange red.
The n.m.r spectra in CD3CN solvent, are in accord with the pro­
posed stoichiometries. The fact that H and for these complexes, 
and indeed all the macrocyclic complexes, appears as a singlet at
3.7 ppm is somewhat surprising. This seemingly accidental equivalence 
persists throughout all these complexes and in a recently communicated 
macrocyclic ligand containing the very same ether linkage .^ °^ The acetonitrile 
in [Cu2Q][BPh^]2' 2MeCN occurs as a singlet at 1.95 ppm. This acetonitrile 
is not so apparent in the i.r, probably due to loss of intensity on 
coordination. The presence of pyridazine (pdz) in [Cu2Q(pdz)2][BPhi^]2 is 
signified by the-observation of new i.r vibrations at 1445 and 1420 cm~^ 
and also by n.m.r studies. Pyridazine appears as two widely separated 
triplets at 9.16 and 7.58 ppm corresponding to the l,l' and 2,2* protons 
respectively (see Table XXVI and Fig.75). The separation of ca 1.15 ppm is
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larger than observed in the analogous complexes [Cu2L(pdz)2][BPh4]2 
(8.13 and 7.68 ppm; L = 57a, b) where pdz is coordinated in a bridging 
configuration. These values are virtually the same as those obtained for 
fx’ee ligand in CO^N (9.18, 7.56 ppm) and demonstrate that the ligand is 
dissociabin^ in solution. This conclusion is also apparent from the fact that 
this fluorescent red complex produces faint yellow coloured solutions in 
MeCN. The effect is assigned to competitive coordination between pdz and 
MeCN solvent which being in excess will be the favoured ligand.
The H2O and MeCN-solvated complexes are envisaged as containing
3-coordinate Cu (I), coordinated to two imine and one H2O or MeCN ligand.
All but weak interactions with the ether group are ruled out on the basis 
that an i.r absorption at 1115 cm in the free amine, assigned to the ether 
group, remains unshifted in the BPh^ containing complexes. The argument 
has been extrapolated to the CIO^ complexes because in these cases the 
strong V3 frequency of the counterion interferes.
In the solid state the complex CCu2Q(pdz)2]CBPh^]2 is thought to be
4—coordinate and tetrahedral di—Cu (I) where each Cu (I) ion is coordinated 
to two imines and one nitrogen from each of two pyridazine ligands which 
bridge the intermetallie void.
Of the three complexes, [Cu2Q][C10^]2\3^20 is the most sensitive 
to O2 . It changes gradually to a green solid in air and much more rapidly 
in solvent (DMA)^ [Cu2Q][BPb^]2' 2MeCN is only slightly sensitive while
[Cu2Q(pdz)2][BPhi^]2 is insensitive even in DMA solution where pyridazine 
is not likely to dissociate. Indeed, as will be pointed out later, this 
complex can be isolated under aerobic conditions by treating a Cu (II) 
complex with pyridazine. The O2 susceptibilities are yet another 
reflection of ligating power of the substrate molecules; being weakest in 
the case of H2O and strongest in the case of pyridazine.
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TABLE XXVII
ELECTONIC SPECTRA OF THE Cu (1) COMPLEXES
COMPLEX COLOUR
MULL
ELECTRONIC SPECTRUM
[CU2Q][C104]2 XH2O yellow 29,000(sh), 15,000(sh)
[Cu2Q(MeCN)2][BPh4]2 orange 31.600 - 17,000(sh)
CCU2Q(pdz)2][BPh^]2 red 31,000 - 17,000(broad,sh)
TABLE XXVIII
MAGNETIC AND ELECTRONIC DATA FOR THE Cu (11) COMPLEXES
COMPLEX
b
/U-tPP 
293 93
ELECTRONIC
(MULL)
SPECTRUM*
(SOLUTION)
ECuQl]CBPhi^]2 1.94 1.83 14,700 14,700(250)
14,600(sh)
ECU2Q (OMe) 2 (py) 2  ^tClOi^ l 2 ’ ^ 1^20 0.84 0.44 17,000(sh) -
15,000 16,400(240)
a e per complex in parenthesis.
L moment per metal ion.
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Preliminary gas uptake studies on the complex [Cu2Q][C10i|]2-3H20 in 
DMA have been undertaken. Each binuclear molecule binds 0.5 mol. (experi­
mental values 0.51 and 0.56) of dioxygen irreversibly, and 1.05 ^  0.03 mol.ok 2.93: 
(from four uptake measurements) of carbon monoxide reversibly. The stoi­
chiometry of the O2 uptake experiments suggests a 4-electron reduction of O2 .
The CO uptakes are in accord with an equilibrium reaction between two mois, 
of CO and one mol. of [CU2Q] Variable temperature experiments are planned
to confirm this. A similar result of 2CO per macrocycle has already been pre-
57a 2+ 46a
dieted from equilibrium calculation between [CU2L (MeCN)2] and CO
Binding of CO is accompanied by a red yellow colour change in DMA solvent.
Although reversible the dissociation reaction is ca X5 times slower than the
uptake. Further discussion as to the mode of CO coordination, viz terminal
or bridging, will have to await solution i.r studies.
Of the Cu (II) complexes isolated, i.r and conductivity data are to be
found in. Table XXV and the magnetic and electronic data in. Table XXVIII.
[Cu2Q(0Me)2 (py)2]I-C10 i^ ]2* 2H2O is a bright green crystalline compound
obtained by exposure of methanolic solutions of CCu2Q]CC10 i^ ]2* bo 02in
the presence of pyridine. I.r data indicates retention of the macrocyclic
— 1
structure by virtue of the presence of v _ ... at 1628 cm . Inaddition,
(L. — N;
— 1 .
a medium intensity band at 1605 cm is attributed to coordinated pyridine.
A medium intensity band also exists at the lower limit of the aliphatic C-H 
—  1range at 2800 cm . The absence of this band in all the previous complexes
and its presence in this complex leads to the assignment of this absorption
to of methoxide (OMe ); as implied from elemental analysis. In order
to confirm this formulation the preparation was repeated, in small scale,
using deuterated methanol (CD^OD) solvent. As can be seen in. Fig.76, this
resulted in shifting the methoxide peak from, 2,800 cm for OCH^ ,
to 2045 cm  ^ for OCD3- an isomer shift of 755 cm The ratio of vCH =1.4
vCD
is as expected.
-  196-
The Mull electronic spectrum of this compound shows a main broad
— 1  ^ —1 
signal at 15,000 cm with a high energy should at 17,000 cm . All
solution measurements, electronic spectra conductivity and e.s.r, indicate
that in this phase some structural alteration occurs. Thus the main
-1
absorption in solution is seen at 16,400 cm , without any high energy 
shoulder. The complex is a 1:2 electrolyte in MeCN (calculated on the 
basis of a binuclear structure).
Fig.77
It is suggested that each Cu (II) ion in this compound exists in a
5-coordinate trigonal (possibly trigonal bipyramidal) envirocnmcnt Fig.77. Each
Cu (II) would therefore be bonded equatorially to two imines and one 
bridging methoxide. Analogous structures have been found for closely
57, 210
related complexes [Cu^L “(OR)2 (NCS)2] (R = Me, Et, n-Pr). In these
complexes antiferromagnetic coupling of the two paramagnetic Cu (II) 
centres is mediated by the single-atom OR bridge. Coupling is of the order
197-
-1
2J =-600-700 cm and increases along the series Me, Et, n-Pr. In
[Cu2Q(0Me)2(py)2lCi04 2^*2H2O the observed coupling is of similar magnet-
293
ude; = 0.84 BM per metal ion, dropping to 0.44 BM at 93K.
Coupling constants of the order of 2J >-700 cm would be required to 
fit this data. This value is at best approximate. In view of the low 
moments any residual paramagnetism be accounted for by paramagnetic 
impurity. Diamagnetic corrections will also become critical at low 
susceptibilities. Possibly the strong axial pyridine donors in this 
complex help push electron density onto the bridges and so enhance the 
degree of antiferromagnetic interaction. Parallel preparation using EtOH 
as solvent was unsuccessful in producing an ethoxide bridged complex.
The e.s.r spectrum of the frozen (77K) DMF solution of 
CCu2Q(0Me)2 (py)23Lci0^l2* can be found in. Fig.78. It shows an in­
tense four-line pattern which is attributable to mononuclear Cu (II);
A-j j for the first two lines is ca 170 G. This result is in accord with 
the previous observations that in solution this complex differs signifi­
cantly from the solid state species. However, addition of successive 
amounts of MeOH to the solution dramatically reduces the intensity of the 
signal - much more than expected from simple dilution effects. The observ­
ation would be consistent with the reinstatement of the methoxide bridges 
to produce an e.s.r silent dimeric Cu (II) system. Noticeable also in this 
e.s.r spectrum is the presence of superhyperfine lines on the 'back' of 
the gj^  s i g n a l ^ i s  of the order of 15 G. There appear to be at least 
nine lines on the high field wing of the ^  signal; on expansion ripples 
can be discerned as extending this pattern into the low-field wing of the 
gj^  signal. The occurrence in this case of such superhyperine lines may be 
a result of coupling of the unpaired spin on a magnetically independent 
Cu (II) ion to the nitrogen donors (I = 1) in the complex. The nature of 
this solution species must remain unknown at this stage.
198-
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Finally, a mononuclear complex |ZCuQ'][BPhi^ 2  also isolated. The 
great diversity in the methods of preparation of this compound, which in­
clude a Cu (II) templated reaction, indicate high stability and, as 
will be demonstrated, is a manifestation of the effect of strain
within the Q macrocyclic structure.
In the i.r (Table XXV) this complex exhibits a strong, sharply res­
olved doublet in the ^ region at 1628 and 1618 cm~\ This would
suggest two different types of imine in the complex. Weak . absorptions
(NH2)
—  1 —1
at 3280 and 3182 cm together with 6 (NÏÏ2) at 1605(sh) cm indicates a
non-macrocyclic structure. Elemental analysis implies that one Cu (11), 
two furan and three amine (NON) moieties are present, while the conductivity 
in MeCN is within the acceptable range for a 1:2 electrolyte (with allow­
ance for the low ionic mobility of BPh^ ).
Magnetic and electronic spectral measurements. Table XXVIII, are 
normal for a square—based, non-interacting, mononuclear Cu (II) environment 
as are the solid and DMF glass e.s.r spectra (4 lines, pig.79) .
In order that a reconciliation of this data be achieved, aqua-marine 
crystals were slowly grown out of acetonitrile solvent and an X-ray struct­
ure was performed by Dr MGB. Drew of the University of Reading.
The Structure of [CuQ^][BPhi^]2
As can be seen from. Fig.80, the macrocycle Q has been opened up by 
the addition of one extra molecule of amine. The copper is bonded to four 
nitrogens ; two cis-amines and two imines. Two uncoordinated imine nitrogens 
exist within the inner part of the ligand -, explaining the doublet character 
in the i.r spectrum. The Cu (II) exists in a distorted square- 
plane with angles of 153 between trans nitrogens and ca 90^ between cis 
nitrogens. Weak interactions exist to three oxygen atoms of the ligand.
-201-
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The Structure Of [CuQ^]DBPhi ]^2 
Fig.80
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TABLE XXIX
Selected Crystallographic Parameters For CCuQ^3[BPh^]2
^ N H 2
0 " -------------  — — ---------------- —  Co
N n C  / N H o
Bond Lengths (R) Bond Angles (°)
Cu .. N(l) 1.912C 23) 
Cu .. N(7) 2.024 24)
N(l)..Cu..N(7) 95.2 ( 9) 
N(l)..Cu..N(l)* 90.0 (10) 
N(l)..Cu..N(7)* 154.4 (2) 
N(7)..Cu..N(7)* 90.8 (10)
- 2 0 2
A crysLallographic two-fold axis bisects the Cu (II) ion and the ether
oxygen of the inner part of the ligand. No BPh^ interactions with the
'
cation are observed.
Attempts to prepare halide, NCS , and Ng of this complex resulted 
in the recovery of the starting materials.- Similarly, attempts to in­
corporate a second, heterometal ion into the compound proved unsuccessful, 
probably because the inner, vacant cavity, where the uncoordinated imines 
reside, is sterically crowded by the folding of the opened side of the 
ligand around the metal centre.
The complex bears certain similarities to some mononuclear complexes
305
of compartmental ligands reported by Fenton et al , Fig.81. In these 
cases mononuclear Cu (II) complexes are obtained. However, when 
R = -(CH2) - or -(CH2)3 - the Cu (II) resides in the inner 'N2O2 ’ compart­
ment while R = -(CH2)4-, -(CH2)5-, -(CH2)2-0-(CH2)- or 4Cd2)2-S-(CH2)2- 
results in incorporation of Cu (II) into the outer 'N2O2 ' compartment. An 
X-ray structure of the complex containing R - -(CH2^-0-(CH2)2*-, the same 
moiety as exists in Q and Q^, demonstrates this fact.
Fig.81
R = -(CH2)2- 
-(CH2)g-
R -(CH2)^-
-(CH2)s-
-(CH2)2“0-(CH2)2" 
- (CH2)2“S-(CH2)2"
203 -
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Fenton’s macrocyclic ligands L ,(see Chapter 1) bind Cu (II) as
202 . . 60 
a mononuclear square—planar complex . Although in this case L main­
tains its macrocyclic integrity, it is similar to in that it rejects 
two of the four potentially coordinating imino groups. Fig.39.
Fig.82, outlines the interrelationships between the complexes just 
described. [CuQllCBPh^]^ occupies a predominant position, however, a 
ring—closure of this product was achieved against its ’natural grain by 
treatment with pyridazine • The reverse di-Cu (I) di-Cu (II)
reaction was exploited in the preparation of ECu^Q(OMe)^(py)^][C10 ]^^ * 2H^0 
by aerobic oxidation of [ Cu2Q][ CIO^ ]^g' 3 0  in the presence of pyridine, (15)
—  4" *
Presumably the basicity of the pyridine assists the MeOH MeO + H ion­
ization. The resultant methoxy bridges then help hold the macrocyclic 
structure together against its own ’will’ to break-up and form mononuclear
[CuQl]
2 +
Key To Fig.82
1 . Ba (II), Ca (II), EtOH. 13. pdz, NaBPh^, MeCN.
2 . Ca (II), Sr (II), MeCN/EtOH. 14. CO, DMA.
3. Cu (II), MeCN. 15. Py, O2 , MeOH
4. MeCN, reflux. 16. NaBPh^, MeOH
5. Ag (I), MeCN. 17. pdz, MeCN.
6 . NaBPh^, MeCN.
7v J Cu (II), MeCN.
8 . Cu (II), MeCN.
9. Cu (II), MeCN.
1 0. Cu (II), MeCN
1 1. Cu (I) ., MeOH.
1 2. WaBPh^, MeCN
The Interrelationships in the Complexes of Q
[ C io j
0 * «Bo. -to
WH,
[ciox^ ]
v y
Fig.82
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Complexes of Schiff-base Acyclic Ligands
The ligands involved in this short section. Fig.83, were prepared
directly or in situ by reacting the appropriate amine (in slight excess)
with 2,5-DFF. Details of the synthesis and characterization by ^H,
13
C n.m.r, i.r and mass spectroscopy are supplied in chapter 2. The 
presence of at 1600-1630 cm in the i.r of the complexes and free
ligand demonstrates retention or successful formation of the Schiff-base 
functional group.
'J'
Fig.83
'e d a a f
Many similarities are borne by the ligand J to the macrocyclic 
. 57a
ligand L , Fig.50. It can present the same number , . type (N) and dis­
position of donors, however the use of a monoprimary amine in the synthesis 
has precluded the formation of macrocycle. Instead the reaction halts 
after a [1 + 2] [carbonyl + amine] condensation has occurred. The result­
ant acyclic ligand (or 3/4 macrocycle) will therefore be more flexible than 
the macrocyclic version. It was of interest to see how this superior 
flexibility would affect the stereochemistry of the binuclear complexes.
In total five analytically acceptable binuclear Cu (T) and Cu (11) 
and one polynuclear Cu (I) compound were obtained; their properties are 
collated in. Tables XXX and XXXI.
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The two Cu ( r )  complexes both contain potentially bridging anion*. 
Information regarding the structure of these compounds is scant and relies 
heavily on analogy with structurally characterized analogues.
For C(CuI)i|j] information about coordination mode I is not avail­
able since all Cu-I absorptions in i.r, whether terminal or bridging would 
be expected to lie below 200 cm - just outside the normal i.r range.
Ill the case of CCu2d(NCS)2] a strong absorption occurs at 2083 cm This 
position is at the high end of the N-terminal NCS range (see chapter 1) 
and is below the S-terminal range normally observed with transition metals, 
however single-atom S-only bridging would appear possible because it is
not far from the frequency of the only known example of S-only bridging
1 ^ 0
which is structurally related to this ligand.
Electronic spectra, run as nujol mulls for both these insoluble
complexes can be found in Table XXX and. Fig.84. [Cu2J(NCS)2 ] appears
red because of a broad absorption (30,000 - 13,000<‘<^’)which stretches out
of blue and green and tails into yellow. The orange [(CuI)^ J] has a much
more narrow absorption (30,000 - 20,OOOoC?)which allows transmittance of
yellow and red light. These high absorptions are attributed to ligand
(X , NCS )-to-metal charge-transfer.
Possible structures for these complexes are drawn in. Fig.85.
The stoichiometry of [(CuI)^J] would suggest a *cubane'-type structure
for the (Cul)^ irioiety, tetradentate J could then occupy the fourth,
tetrahedral site on each Cu (I) ion. 'Cubane* structures such as these
are common among Cu (I)-halide complexes Ag(I) analogous are also known^
It is possible that the rarely observed single-atom S-bridging structure exists in
[Cu2J(NCS)2]. This type of bonding is found in [Cu2L^^^(NCS)2 ]^^^ where 
57a •
L could be thought of as the macrocyclic version of J. As has already
-207-
0.0
%\
30000 20000 (cmO
Mull electronic soectra
Fig.84
-208-
been discussed in Chapter 1 (NCS) in this compound occurs just above
- 1  ^
2100 cm , ^as' (NCSe) is found at 2100 cm in the selenocyanate deriv-
221
ative where Se-only bridging is proposed . The ligand J can twist its
terminal NMeg groups out of the plane to give long bridge
(as suggested later in an azide complex) but two bridges are probably
going to be short. It would seem likely that given the soft nature of the
metal centre viz Cu (I), that some type of S-bonding will occur. S-bridging
is tentatively proposed in this compound on the basis that it would keep
each Cu (I) ion in its favoured tetrahedral environment and by the fact
57
that it resembles [CU2L (NCS)23 in colour, solubility and i.r. However 
S terminal NCS cannot be totally discounted since the open—chain nature 
of this ligand would allow twisting of chelating side-amines to achieve 
such a configuration. This is not possible in the macrocyclic ease.
It should be stressed that both these proposals are at best tent­
ative, further progress would require X-ray crystallographic studies.
The series of binuclear Cu (II) complexes all contain potentially 
bridging species; in each case these may be identified by characteristic 
I.r frequencies. Table XXX. The preparation of [Cu2J(OH)2 ][C10^]2 differs 
from the rest in that it could only be prepared using [Cu(MeCN)i^] (ClOi^ ) 
material and then allowing the solution to oxidize - much the 
same technique employed in the preparation of [Cu2Q (0Me)2 (py)2]CC10 i^ ]2’2H2O 
in the previous section.
The ligand field spectra. Table XXX, show that all the complexes 
(except an azide derivative) absorb around 15,000 cm“  ^ typical of a tetra­
gonal type of coordination. The brown [Cu2J(N3)sjCClO^] ' has its d-d 
absorption centred at 13,000 cm and is intense (e = 790 mol.'^A cm"^ 
per molecule). Fig.85 compares the electronic spectra of the typically 
tetragonal [Cu2J(0H)2]CC10 i^]2 with that of [Cu2J(N3)3][C1 0i+]u The intense
-  209-
lCuoJ(OH)oHClO/]
1-0 "
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Fig. 85
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N3 -to-metal charge-transfer in the 25,000-17,000 cm" region is obvious 
and is responsible for this compound appearing to be brown rather than 
the green or blue colours usually associated with Cu (II). The intensity 
of the d-d transition presumably is due to mixing-in of p-character 
with the d-orbitals as a result of distortions from square-based to 
tetrahedral geometry. Electronic solution and mull spectra and conductiv­
ity studies in all cases are in accord with retention of the bridging
moieties in solution
-Cu
N M e
[CU2J(NCS)2]
Proposed Structures for the Cu (1) Complexes of J.
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The magnetic data. Table XXXI, suggests weak antiferromagnetic
behaviour in all but one case. The fact that the magnetic moment of
[Cu2J(0H)2][C10^]2 is.virtually temperature independant is surprising.
That the di-p-hydroxo structure is present is almost certain from the
element analysis, conductivity and in particular the presence in the i.r
of a very strong and sharp absorption at 3540 cm~\ In the appendix to
this thesis antiferromagnetic interaction in Cu (II) dimers is briefly
outlined. Illustrated (Fig./4 ) is the dépendance of J on 0 (the bridging 
H
Cu-O-Cu angle). Ferromagnetic interactions are obtained at low 0 values 
and antiferromagnetic interaction and high values of 0. It could be that 
in CÇU2J(OH)2]!010/^32 0 is close to ca 97° where J = 0 as the straight 
line of J versus 0 crosses over from ferro - to antiferromagnetic behaviour 
In the remaining complexes coupling of the unpaired spins is 
greatest when the methoxide bridged species where Weff falls below the 
spin—only value of 1.72 BM. The weakest interaction occurs with 
CCU2J(0Ac)2]fBPhij32* 2H2O where the acetate group may be envisaged as 
bridging in one of the two versions illustrated in. Fig.86.
N
OR
'N. X. O H?
■H--
;
; 0
'N'
-  2Î3 -
The suggested structure of [Cu2J(Ng)g]^*, Fig,87, involves a 
single 3—atom bridge and two terminal Ng . Evidence for the two kinds of 
Ng present is apparent from the strong 2052 and 2090 cm~^ i.r bands.
Unlike NCS , i.r correlations with bonding mode Ng are not reliable.
However since the 2090 cm absorption is the more intense it is cautiously 
assigned to the coordinated Ng , The remaining 2090 cm  ^ frequency may 
therefore correspond to the p-l,3-azido species. Adoption of the long 
bridge rather than y-l,l-azido is consistent with the observed weak 
antiferromagnetic activity of this compound; y-1,1-azido bridges are
qi 1
expected to exhibit ferromagnetic exchange ,
The e.s.r spectrum (D.M.S.O/MeOH glass) can be found in, Fig.88.^Cu£oM<J^
The pattern is complex and difficult to interpret.However the complexity does a
suggest a triplet species.. The solid room temperature spectrum. Fig.87,
appears as a normal mononuclear Cu (II) ion. This is surprising although 
2.^ 3 K
it may be that aty^(where yeff = 1.81 BM) the degree of interaction is in­
sufficient to affect the spectrum. Whereas the glass spectrum was recorded 
at 77K where the moment lies below 1.34 BM. Both the acetate and hydroxo 
derivative give non-interacting signals : g^^ = 2 = 2.-13 ; A  = i58 G-f^ oA,
oh": gjj = Z 3% g^ = % os Ajj = 160 . E.s.r data on
CCu2J(N3 )3nnCIO^ !] has not been obtained due to instrumental difficulties.
,NNN
He, ^ 3 ^ 3  '
Fig,87
No potentially catalytically active complexes where obtained. The 
only di-Cu (I) complexes isolated contained bridging or bridgehead ligands 
NCS and I respectively. The effect of these coordinating anions was not 
only to block substrate receptor sites but also to make the complexes too 
insoluble to work with.
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Fig.88a
Given the insolubility of [Pd2 (EDAAF)Cl4], the only complex of
EDAAF, there are few physical probes available to characterize this com­
pound. In the i.r spectrum of the free ligand (Chapter 2) a strong
absorption occurs at 1637 cm  ^where both and . are
(C = JN/ (CH = CH2I
coincident. On coordination this signal shifts to 1628 cm  ^with a shoulder
- 1 . 342
at 1635 cm . Previous studies on Pd (II) complexes of a related
Schiff-base ligand containing pendant olefinic groups have shown Pd (II)'s
preference for the imine donors. It would seem possible that a similar
situation exists in the present case. Fig.88a. A medium intensity i.r
- 1   ^ ^
band at 330 cm suggests terminal chloride in this case.
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COPPER COMPLEXES OF THE g-DI-IMINE LIGANDS - btz, bt, bo, biz, bi.
The ligands. Fig.89, were prepared by the methods described in the
experimental section. The molecules are capable of forming a 5-membered
ring chelates in a variety of ways. They may use (a) both nitrogen atoms;
(b) both X groups; or (c) one nitrogen and one X. Modification of the
group X allows the introduction of soft ligating groups like sulphur, which
may be the preferred donor in complexes of softer metal ions. Previous
42 322
studies on these and closely related ligands with first row trans­
ition metals have shown that they prefer to chelate in bidentate fashion 
via the a-di-imine groups.
It was of interest also to study any catalytic or gas uptake (O2 , CO) 
properties that these compounds may possess.
n t CH2] [C H2 ] n
X
NH
S
0
NH
S
LIGAND
1
2,2 -bi-4,5,dihydroimidazine 
12.2 - bi~4,5-dihydrothiazine 
1
2.2 -bi-2-oxazoline 
1
2.2 -bi-2-imidazoline 
1
2.2 -bi-2-thiazoline
ABBR.
biz 3
btz 3
bo 2
bi 2
bt 2
n
Fig.89
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The Copper (I) Complexés ôf btz, bt and bo.
The complexes prepared are listed în. Table XXXV, together with 
their physical data. All the complexes are diamagnetic and stable to air 
in the solid state, while the solutions, where solubility permits, slowly 
turn green on exposure to air.
The i.r. spectra of the closely related btz and bt ligands show à 
strong absorption at 1614 cm and 1590 cm  ^respectively, accom­
panied by strong bands in the 800—1200 cm region^ corresponding to
skelebalvibrations of the heterocyclic rings. Weak-to-medium intensity bands 
■“ 1
at 650-660 cm in both ligands be due to the vibration. The
slightly different bo ligand exhibits at 1663 cm ^. Marked changes
in the i.r spectra occur on coordination to Cu (I). These are best dis- 
cussed in retrospect"the crystal structureswhich were determined for the 
two complexes CCu(btz)2][BPh4]and [Cu2 (bt)4][C104]2 by Dr M. G. B. Drew and 
T. R. Pearson of the University of Reading.
X-ray Crystal Structures 
(a) [Cu(btz)2][BPhi^ ]
Refinement was obtained to a final R value of 0.061. The cation 
Cu(btz)2 has a crystallographic C2 symmetry with the Cu (I) atom posit­
ioned on the 2-fold axis. The Cu is bonded to two btz ligands via the 
a-di-imine moieties (Cu - N bond lengths 2.010(6) and 2.024(6)%). The two 
'CuN^' planes intersect at a dihedral angle of 68i9° giving the cation a 
severly distorted (flattened) tetrahedron. Several a—di—imine complexes 
have been known to show this kind of distortion, Table XXXII. The dihedral 
angle of 68 9 of the title complex is among the smallest known. 
[Cu(tmp)2][C104]2 has a smaller dihedral angle of 67.6°. This distortion 
towards square-planar occurs despite the fact that unfavourable steric
-216
5 (8 )
The Structure of [Cu(btz)?] 
Fig.90
TABLE XXXIII 
SELECTED CRYSTALLOGRAPHIC DATA FOR [Cu(btz)2]*
BOND DISTANCES (A°) BOND ANGLES (°)
Cu-N(l) 2.010(6) N(l)-Cu-N(12) 91.48(23)
Cu-N(12) 2.024(6) N(l)-Cu-N(l") 118.73(24)
- , , *
N(l)-Cu-N(12 ) 136.41(24)
N(l) ... (12) 2.63 Cu-N(l)-C(6) 113.9(4)
Cu-N(12)-C(7) 112.8(4)
N(l)-6(6)-C(7) 115.1 (5)
N(12)-(17)-(16)
-------- ,
I 15.2(5)
-  217-
Table XXXII
DIHEDRAL IN Cu (l)-a- DI-IMINE LIGANDS
COMPLEX DIHEDRAL ANGLE REF.
[Cu(dmp)2J[N0 3J 2H2O 85.4° 323
[Cu(dmp)2]CC10i^] 81.8 324
[Cu(dmbp)2][BFi^] 80.9 325
[Cu(dmbp)2][N0 3] 80.0 326
CCu(tmbp)2]CC10i^] 67.6 327
[Cu(btz)2]CBPhi;] 68.9
dmp: 2,9-dimethyl“l,10-phenanthroline
dmbp: 6,6 -dimthyl-2,2 -bipyridine
1 1
tmbp; 4,4 ,6,6 -tetramethyl-2,2 -bipyridine
- 2 1 8
1
Interactions occur between the 6,6 -methyl groups in the planar configur­
ation.
In the coordinated btz molecule five of the atoms of the 
6 -membered hetercyclic ring are planar. There is a small twist around the 
C(6) - C(7) bond connecting the two 6-membered rings (torsion angle of 
N. (1) - CC6) - C(7) - N(12) is 13.9°). No contacts exist between cation 
and anion less than 3.5^. More detailed crystallographic discussion 
can be found in Ref.328.
The reason for the large deviation of 90° for the dihedral angle bet­
ween the two ’CuN2 * units is unclear. Stereochemical crowding around the 
Cu (T) does not exist and intermolecular packing effects seem inadequate 
in explaining such a large (21°) divergence from ideal tetrahedral geo­
metry . Moreover the observation of dihedral angles ranging from 68-85° in 
all the Cu (I) a-di-imine structures known seems to suggest that the dis­
tortion may have an intrinsic ^ Inctronic origin. Possibly there is some 
mixing of the exited state, formally a planar Cu (II) complex with a ligand 
radical anion, with the ground state. Alternatively, flattening of the
*
tetrahedron towards square-planar would result in a more efficient d^- P^ . 
overlap.
The Structure of [Cu2(bt)i^][Cl0if]2 . (Fig.91)
2+ y
In the [Cu2 (bt)/^  ] cation each Cu (I) is bonded to two nitrogen
atoms of one ligand (A) (Cu - N, 2.277(6), 1.995(5)R) and is also strongly 
bonded to one nitrogen N(IB) of a second ligand molecule (B) (Cu - N 1.961(5)S) 
This ligand (B) is in the trans configuration with S(IOB) cis to N(1B); N(1B) 
being coordinated while S(IOB) remains remote at 3.039(2)& from the metal 
centre. The Cu (I) is also strongly bonded (2.428(2)S) to a sulphur, S(10B*), 
of a centrosymmetrically related ’Cu(bt)2 ’ unit. The geometry is best
-219-
S(10)
THE STRUCTURE OF [CuzCbt)^]
2+
Fig.91
TABLE XXXIV
SELECTED CRYSTALLOGRAPHIC DATA FOR [Cu^Cbt)^]^"^
BOND DISTANCES (X) BOND ANGLES (°)
Cu (1) - Cu (2) 3.65 N(1A)-Cu(l)-N(7A) 78.36(22)
Cu (1) - N(1A) 2.277(6) N(1A)-Cu(l)-N(1B) 110.39(2)
Cu (1) - N(7A) 1.999(5) N(7A)-Cu(l)-S(10B*) 102.82(21)
Cu (1) - N(IB) 1.961(5) N(1B)-Cu(l)-S(10B*) 102.66(21)
* *
Cu (1) - S(10B ) 2.428(2) N(7A)-Cu(l)-S(10B ) 108.77(22)
Cu (1) - S(IOB) 3.039(2) N(7A)-Cu(l)-N(1B) 144.64(22)
N (1) - N(7) 2.71
- 220 -
described as a very distorted tetrahedron comprising N(1A), N(7A),
N(1B) and S(10B ) if the weak (3.039(2)R) interaction between Cu (1) and 
S(IOB) is discounted. The Cu ... Cu separation is 3.65& and no clear inter­
actions are observed within the dimer or between cation and anion. More 
detailed crystallographic description can be found in. Ref.328.
The widely different structures of the two complexes is unexpected.
if2 322
Previous studies with these ligands and Fe (11) * had established that
both bt and btz coordinate via the a-di-imine group. On the other hand 
Cu (I) is known to have an affinity for sulphur but it is far from obvious 
why these two ligands should behave differently towards the same metal ion. 
We think the answer lies in the difference in the heterocyclic ring-size 
for bt and btz.
In the planar btz chelate 'CU-N2C2 ' ring the N ... N separation 
is 2 .63R, both atoms subtending an angle of 81.5° at the metal. Fig.92. In 
contrast the smaller 5-membered ring of bt pulls the two imine nitrogens 
further apart (N ... N in coordinated bt is 2.7lS) so that the lone pairs 
converge on the metal centre at greater distances and subtend a smaller 
angle (78.3 ), Fig.92. The net result is a distorted chelate ring.
s
i
THE DIFFERENT 'BITES' OF btz and bt 
Fig.92
-  221-
It would therefore appear that the a-di-imine group of 
[Cu(btz)2] better suited for chelatio-n. Whatever the advantage in the 
'bite* of btz compared to bt, the effect must be small enough not to 
influence critically the coordinating properties of the u—di—imine group 
towards Fe (II) where both ligands generate a field strong enough to cause 
spin-pairing. Possibly, when coordinating to Cu (I), the softer nature 
of this metal ion combined with the soft donor qualities of sulphur, results 
in a delicate balance between coordination of Q—di—imine and sulphur with 
the result that both occur in the same molecule.
Given that sulphur coordination is 'elected' in the case of bt, the 
trans configuration used to bring this about may well be expected to be 
inferior to the cis configuration since the sulphur lone—pairs will not lie 
in the same plane as the nitrogen lone-pair. Thus the Cu atom prefers to 
bond strongly with the sulphur of another ligand molecule of an adjacent 
'Cu(bt^)' unit.
With the coordination modes of the btz and bt ligands now established 
the physical properties, Table.XXXV of these two complexes can be more 
easily explained.
For the complex [Cu(btz)2]£BPhij]2 _ ^^jFig.93^ occurs as a single
medium band at 1530 cm ; a shift of —84 cm relative to free btz ligand. 
The tentatively assigned band at 660 cm in free btz has suffered
a reduction in intensity and a smaller coordination shift (see Fig.2 for a 
full i.r. spectrum). Such large coordination shifts to lower energies
together with the altera-.tion in intensity is indicative of strong coupling
— 329330
between vibration modes within the Cu(N=C-C=N) chelate ring . This
would arise from metal d^-to-ligand P^* back coordination. Effects similar
to these have already been observed in low-spin Fe (II) complexes of the 
322 330
a-di-imines . Significantly in the complexes £ Cu(btz)3][C10i^]2 and
331
£Cu(bt)2]£C10 i^]2 } where little metal-to-ligand charge-transfer is ex­
pected, = N) shifted to lower frequencies only by 46 and 5 cm res­
pectively and without appreciable loss in intensity.
-222-
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fCu2 (bt)i,][C10^] 2 or empirically f Cu(bt)2]rC10,,]behaves in a more
-1
complex manner. The single free ligand v occurring at 1500 cm
-1
is replaced by three medium intensity bands at 1600, 1572 and 1552 cm
-1 . . ... -1 ..
The 1500-1600 cm pattern is complicated while at 652 cm is much
reduced in intensity and occurs with several other bands in the region,
Fig.94. This can be rationalized by reference to the three different types
-1
of imine found in the crystal structure viz uncoordinated (l6oo cm );
-1 / /  -1 
coordinated and chelating (1552 cm ) and coordinated and bridging (1572 cm ),
Table XXXV.
The electronic spectra refer to Cu (I)-to-ligand charge-transfer 
transitions. The different energies of each system reflect the different 
coordination environments of the metal ion in the complexes. Low energy 
charge-transfer may be taken as an indication of good n-accepting capacity 
of the Q-diimine group. Thus [Cu(btz)2 ][BPhi^ ] exhibits the most efficient 
d^-P^ charge-transfer by virtue of its low absorption,is in accord with 
the observed flattened of the tetrahedral structure, which would serve to 
enhance the effect. The very different spectrum obtained from the relatively 
insoluble (in C2H4CI2) complex corresponds with the known difference in 
structure of this complex. Marked deviations from Beer’s Law were found for 
the acetonitrile solutions of both compounds. This effect was more pro­
nounced in the latter case. The effect of adding free ligand to the solutions 
was to partially restore the spectrum of the btz complex, while even large 
excesses of bt failed to produce measurable spectra. This behaviour pre­
cludes worthwhile n.m.r studies since several species are likely to be 
present in solution.
Using the infrared electronic spectral criteria established by com­
parison of [Cu2 (bt )^] ^ and [Cu(btz)2]* structures can be proposed for the 
remaining complexes.
- 2 2 6 -
Proposed Structure of CCu(btz)I]2 
Fig.95
For [Cu(btz)I]2 hhe structure in. Fig.95, is proposed, on the basis 
that (a) btz has always, even with Cu (I), has been observed to coordinate 
in the N2, cx—di—imine fashion; (b) the Cu (I) ion most frequently occurs 
in a tetrahedral environment; (c) the electronic spectrum of the complex 
is similar to that of [Cu(btz)2][BPhi^ ]; (d) large i.r coordination shifts 
support this view. The splitting may represent either some dis­
tortion of the ligand or low solid state symmetry for the complex.
The stoichiometries and physical properties of [(CuI)2L]^ (L = bo; bt) 
suggest equivalent structures for these complexes. Splitting in the
i.r would be consistent with the trans configuration of the ligands which the
24-
X-ray crystal structure of [Cu2 (bt)4] has shown to be possible. Coordin­
ation shifts are in.any case smaller for these complexes than in [Cu^Cbt)^]
24-
but in all cases there is a virtually unshifted component of v> . . Presum-
( C—N )
-I
ably the small shifts, 20-30 cm only result from restricted delocalization 
and tie-up with the higher energy charge-transfer bands. The unshifted band 
may indicate non-chelation, while the low solubility of the complexes 
suggest polymerization. On this evidence it is impossible to go beyond 
proposing some type of trans polymeric structure.
The structure of [Cu(bo)2]CC10t^] is thought to be similar to that 
of [ Cu(btz)^]rBPhi^] given the correspondence of the data in. Table XXXV.
227-
The Cu (II) Complexes of biz and bi
The complexes prepared are listed in Table XXXVI. The yellow Cu (I) 
complexes proved too oxygen sensitive to handle. For the Cu (II) complexes 
magnetic and e.s.r data, as collated in Table XXXVII, are all normal but 
are structurally uninformative. The conductivities obtained in all cases 
suggest 1:2 electrolytes, making allowance for the lower values obtained 
for complexes containing the relatively bulky BPh^ anion.
Depending on the preparation, two different solid state isomers 
of [Cu(bi)2][C10^]2 have been found; form (B) the blue isomer and form (P) 
the purple isomer. Both forms are interconvertable by the methods described 
in the experimental section. The differences between (B) and (P) 
are quantitatively expressed in the solid state (mull) electronic spectra 
and i.r. spectra. Complex (B) exhibits a strong, broad band with maxi­
mum at 16,900 cm while complex (P) displays its .maximum d-d absorption 
-1
at 17,600 cm . Both are consistent with tetragonal Cu (II). The fact that 
the complexes give new and identical electronic spectra in acetonitrile 
solution serves to illustrate that the differences originate in the solid- 
state structure.
The differences are most noticeable in the i.r. spectra of the com­
plexes. Figs,96,97. (B) contains a very broad extending from
3.400 to 2,500 cm and centred at 3145 cm . A sharp , medium intensity 
band appears 'growing' out of this 'background' at 3365 cm“ .^ The perchlorate 
absorption is split into three medium intensity signals at 640, 630 and
-  228 -
TABLE XXXVI
MAGNETIC AND ESR DATA FOR THE COPPER (II) COMPLEX OF biz and bi
COMPLEX yeff
293 93
ESR
81 811. Aii(G)
[Cu(biz)2][C104]2 1.82 1.82 2.11^ 2.24= 172=
[Cu(biz)2][BPh4]2 1.91 1.89
[
2.01^
2.11^
2.29^
2.25=
180  ^
173=
LCu(bi)2][C104]2(P) 1.98 1.89 2.06^ 2.24= 180=
[Cu(bi)2 ][C104]2 (B) 2.11 1.91 2.06= 2.24= 1 80=
[Cu(bi)2][BPh4]2 2.10 1.98 [
2.05^
2.07=
2.29^
2.24=
200^
180=
[Cu(bi)2(MeCN)2][BPh4]2 2.18 1.95
[
2.08
2.06=
2.27
2.25=
198
180=
moments in B.M. per mole.
solid state.
D.M.F. glass.
625 cm \  suggesting coordination of the anion.
The i.r. of complex (P), in contrast to (B), contains a single
-1
sharp V - H) absorption at 3325 cm , while splitting of and per­
chlorate frequencies is apparent, although not to the same complicated 
extent as occurs in (B).
In the absence of crystal structures all that can be said at this 
Stage is that two solid state isomers exist differing in coordination geo­
metry around Cu (II) and in H-bonding from the ligand NH.
The green complexes [Cu(bi)2][BPhi^]2 and [Cu(bi)2][BPh4]2 2MeCN are 
somewhat anamaolous. If a tetragonal arrangement exists in these compounds 
then the expected colour would be blue or purple as previously. 
[Cu(bi)2][BPh^]2 differs only in counterion to (B) or (P). The green colours
- 2 2 9 -
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suggest some type of interaction with the Cu (II) ion which absorps blue 
light in addition the the normal d-d absorptions thereby making the com­
plexes appear green. This raises the question of whether or not some type
of tetraphenylborate interaction is present of the type reported by
332 . . . .  .
Floricni et al . However further rationalization is beyond the available
evidence.
The two biz complexes [Cu(biz)2][BPh^]2 and [Cu(biz)2][G10i^]2, both
behave in a more expected manner. All physical data are consistent with
the existence of Cu (II) in a square-planar environment in both complexes.
There is no sign of coordination where perchlorate is the counterion, nor
.ofany tetraphenylborate interaction causing green complexes.
The biz complexes have unusually high (X2) extinction coefficients 
bi
when compared with their’counterparts. This discrepancy may be explained 
if distortions from square-planar towards tetrahedral symmetry were to 
occur in these complexes. Such a suggestion would seem reasonable since in 
the ideal square-plane the protons a- to the imine group would be close to 
the a-protons of the second biz ligand. This effect would be expected to 
be more pronounced for the larger 6-membered ring biz than it would be for 
bi - thus the more intense signals. Distortions of this sort, towards 
tetrahedral introduce p-character to the d-orbitals allow slight relaxat­
ions of the Laporte selection rules for d-d transitions.
The e.s.r data. Table XXXVI, at first sight, appears quite normal for 
tetragonal mononuclear Cu (II) however there does exist, surprisingly, a 
7-line M = 2 signal in the D.M.F. glasses of all the complexes. This would 
be possible if there was some sort of aggregation of the mononuclear moieties, 
held together by weak interactions of the uncoordinated >NH of the ligand with 
neighbouring mononuclear species; this interaction being too weak to affect 
the magnetic measurements. Closer examination of the gj^  signal reveals (though 
lost on the reduction in Fig.97a) at least twelve superhypine lines attribut­
able to superimposition of the Cu (II) and nitrogen hyperfine patterns 
( ^  "15 G).
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Oxidation Studies of a Binuclear Copper (I) Complex
The binuclear Cu (I) complex used herein was prepared and character*
42
ized as described by Dr V. McKee and isolated as a yellow diamagnetic 
solid with formula Cu2 (MeRV) (ClOi^ ) 2 • Previous studies have shown that 
each mol. of binuclear macrocycle consumed 3 moles, of O2 irreversibility
in oxidizing to a green product. However, uptake of the first mol. of
, -1
O2 was accompanied by development of an absorption band at 15,300 cm
3 _i _i _ , .
(e ca 2550 dm mol. cm ) which did not intensify on further oxidation 
m —
and was consistent with the formation of a p-peroxo-di-Cu (11) species.
Fig. 98. Subsequent consumption of 2 moles, of O2 was traced to beyond 
oxidation.
Although reversible O2 binding was not found in this case other
transition metals have been known to behave as oxygen carriers. Busch’s
Laccunar Fe and Co complexes were mentioned earlier; McAuliffe et al 
333-331
have reported Mn (11)/phosphine systems which will reversibly
33*
bind O2 . Recent independent work has served to confirm this behaviour
It would be useful if the ligand oxidation could be circumvented., 
and the oxidizing potential redirected towards the substrate in a 
catalytic manner,"To this end the system was supplied with oxidisable 
substrates eg catechols, substituted phenols and thiols.
M e R V  :
0.
C Ü " Cu
‘0
Fig. 98
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The reactions were followed by O2 uptake in DMF solution at 
30^C under one atmosphere of O2 . (Using equipment described in the 
appendix). The DMF was dried over CuSO^ and distilled under vacuum at 
30-40°C. The types of oxidations observed are illustrated in. Fig. 99, 
and the results are summarized in. Table XXXVII.
The irreversible consumption of 0.92 and 0.90 moles, of O2 per 
[Cu2 (MeRV)] (010^)2 required several minutes for completion. In the
absence of added substrate this result prompts comparisons to the 1:1
/  134, 136 . 16, 138
0 2:Cu2 stoichoimetries found for haemocyanin and tyrosinase
the suggestion being that each O2 molecule is associated, intramolecularly
with the two coppers in each macrocycle. This is in contrast to the
0.5:1, 0 2:Cu2 stoichiometry for the same reaction with the smaller macro- 
57a
cycles Q and L where short-lived bimolecular intermediates are proposed
210
in a process which generates a y-oxo-bridged Cu (II) species
Oxidation of substrate
3,5-di-tert-butylratechol (3,5-DTBC), 2,6-di-tert-butylphenol
(2,6-DTBP), 2 ,4-di-tert-butylphenol (2,4-DTBP), thiophenol (PhSH) and
. ■ ' . . !ascorbic acid were studie .
3 ,5-DTBC and 2,6-DTBP are oxidized to the corresponding dlquinones.
\ i .
Evidence for this was gained by the isolation of red crystalline product 
from the catalytic reaction mixtures. The solution containing 3,5-DTBC 
gave a material with the following physical properties Xmax = 25,000 cm
(in DMF) m. pt. = lll°c mass spectrum m/e = 220; i.r. 3058(m), 2957(s),
1
1658(m), 1242(m), 890(m), H n.m.r. (ppm) 1.23(s), 1.28(s), 7.23(s).
Characterization was confirmed by preparation of 3,5-di-tert-butylquinone
321
(3,5-DTBQ) by an alternative route ; namely oxidation of catechol with 
Ag20. The properties of this sample were identical to the former.
The experimentally obtained value of ca 0.85 moles. O2 psr mole. 
3 ,5-DTBC is not that expected (0.5) if the reaction were solely oxidation
236-
(1)
O H
OH
1/2 0 ^ 0
0
+  H g O
I 2 ) O H
0
0 + 2 H 2 O
(3) ■ P h S H
1/2 0
Ph— S — S - P h  +  H 2 0
Fig. 99 
TABLE XXXVII
SUBSTRATE O2 / SUBSTRATE
1
SUBSTRATE : Cu 2
3,5-Di-tert-butylcatechol 0.88, 0.86, 0.83, 0.80 15, 13, 19, 19
2,6-Di-tert-butylphenol 0.3 18
2,4-Di-tert-butyIphenol 0.13 21
PISH 0.25 167
PhC E CH a
Ascorbic Acid a
a Cu/MeRV Ineffective as catalyst.
-  237-
to 3,5-DTBQ. This suggests that a mixture of coupled and polymeric 
products may have been obtained. This is the situation described in 
Chapter 1
The value of 0.3 moles. O2 obtained for the 2,6-DTBP experiment 
is less than the theoretical value of 0.5 mole O2 required for its 
oxidation. The stoichiometry suggests competing oxidations which require 
consumption of less than 0.5 moles. of O2 per mole, substrate In this case 
the red crystalline needles isolated hayean i.r. spectrum: 3000(w),
2958(m), 1602(s), 1360(ra), 1 0 9 0(m), 899(m) - consistent with the proposal 
that the product is the quinone of Fig. 99.
2,4-DTBP was studied in the hope that it would be possible to 
follow an oxidation through to the same 3,5-DTBQ, already established as 
the major product of the oxidation of 3,5-DTBC. This reaction would 
have involved oxygen incorporation but in the event the reaction proved 
non-catalytic and only small quantities (0.13 mole.) O2 were consumed. 
Non-catalytic activity was also confirmed with the substrates 
phenylacetylene and ascorbic acid.
The thiophenol experiment produced the exact ratio of 0.25 moles.
O2 per mole. PhSH required for the coupling reaction shown (3) - Fig. 99. 
Although no product was isolated in this case, a similar experiment using 
Cu2 (RN)(BPh4)2 > where RN, as can be seen from Fig. 100, is very similar to 
MeRV. The product was characterized by mass spectroscopy; m/e =218, 
m.pt. = 57°c, chemical analysis: 65.4%c, 4.7%H and i.r: 3062(w), 3045(w), 
1570(s), 1470(m), 1435(m), 1070(m), 987(m), 740(s), 688(s), 463(n^
V _1 311 1
[Vs-s) - 450-500 cm *
0
Fig. 100
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Work in this laboratory by Dr A. Lavery using Cu(C10 i^)2 6H2O in DMF on 
these substrates has shown that this salt will catalyse the oxidation of
3,5-DTBC in ca 15 mins with consumption of _ca 0.5 moles, of O2 per substrate 
molecule, while oxidation of 2,6-DTBP is extremely slow and that of 
thiophenol undetectable. Thus while oxidation of 3,5-DTBC may be as 
efficient as that of Cu2 (MeRV) (C 101 )^2 , the MeRV complex is much more 
efficient at catalysing 2,6-DTBP and thiophenol as in. reactions
2 and 3 of Fig. 99. This presumably demonstrates the importance of 
inherent binuclearity.
Catechol
Cu
H O  O H
Catechol
C u '
Quinone
II
O'
H
Fig. 101
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While the mechanism of catechol oxidation remains uncertain,
in m
possible routes have been suggested by Ochai. and Solomon , Fig. 101.
Similar studies in acetonitrile solvent showed a repressed activity. 
Acetonitrile acts like a poison, probably because it is capable of co­
ordinating to the diCu (I) species thus stabilizing it and occupying sites 
otherwise reserved for incoming substrate. It was for these reasons that 
DMF was the favoured reaction medium. In addition this solvent affords 
high solubility of both substrate and catalyst.
- 2 4 0 -
General Conclusions
The major objectives as perceived at the outset of this work were:-
(1) to synthesize and structurally characterize potentially binucleating 
macrocycles;
(2) to prepare the transition metal complexes;
(3) to look at the binding of small molecules and ions as bridges;
(4) to observe and rationalize any magnetic interactions and
(5) to study the possibility of activation of bridging ligand to reaction
with other available substrates.
To a large extent these objectives have been achieved.
In a macrocyclic complex, the coordination requirements of the metal
ion may dictate ligand conformation or alternatively the steric properties
of the ligand may enforce unusual coordination geometries upon the metal ion.
47-61
Complexes of the series of ligands L (Chapter 1) nicely illustrate these
effects. The ligands 33N and 33NMe and to a lesser extent P and H, being 
large and flexible form complexes of the first category. Thus the 28- 
membered 33N and 33NMe and 26 and 24—membered H and P macrocycles will form 
binuclear complexes with the relatively small transition metal ions and the
intermediate-sized Pb (II) (33N, 33NMe, P, H) and Ag (I) (33N, 33NMe) ions.
The macrocycles 33N and 33NMe are more versatile by virtue of their larger 
ring-size and in the presence of an amino functional group. The. increased 
flexibility of the larger ring allows 33NMe to form the mononuclear Co (II), 
Ni (II) and Fe (II) the amino functional group permits 33N to accommodate 
the larger - group (II) metal ions Ca (II) and Sr (II) by a ring contraction 
mechanism, involving addition of one >NH across the adjacent imine bond, to 
adapt the macrocyclic cavity to the size of these particular metal ions.
“ 241 -
The macrocycle Q and the acyclic J and EDAAF belong to different 
family of Schiff—base ligands. Nevertheless their binucleating potential 
(in and east-west relationship) has been realized with Cu (I) (Q,J),
(I^) (Qjd)j Ag (I) (Q) and Pd (II) (EDAAF). There is some indication 
of strain in the di—Cu (II) complexes of Q which will readily open to form 
a mononuclear species — ligand-controlled chemistry. However the importance 
of metal—ion control is also demonstrated in this system by formation of 
the 3/4-macrocyclic Sr (II) and Ca (II) products and by the fact that a 
binuclear entity such as CCu2 (0Me)2 (py)23 is capable of holding the 
macrocyclic structure intact, albeit only in the solid state, despite the 
ligand-controlled tendency to form ring-opened products.
The heterocyclic ligands display a chemistry which is mainly determined 
by the nature of Cu ion centre. In this way Cu (I) chemistry is prevalent 
in the S—containing ligands btz and bt while Cu (II) chemistry applies to
bi and biz. The severly distorted [Cu(btz)2] structure and the unexpected
2+
binuclear structure [Cu2 (bt^.] are traced to preference of the Cu (I) 
metal centre for geomtries approaching tetrahedral.
Ill 3. great many bimetallic complexes the metal ions share a common 
bridging donor e.g. NCS which controls the distance between the metals.
For 33N and 33NMe no evidence was found to indicate this using thiocyanate.
The distances of 7^ observed for the extended macrocycles could accommodate 
a lengthwise thiocyanate bridge between the metals were there is no steric 
constraints in the macrocycle. However, NCS is prevented from functioning 
as an equatorial' bridge by the presence of four macrocyclic N-donors 
arranged around each metal in approximate planar geometry. Thiocyanate 
appears to function only as an 'axial' bridge producing the ciimeric tetra- 
nuclear assemblies [Coi+L(NCS)2]^^ (L = 33N, 33NMe).
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There are available 'equatorial* sites in the ligands H, P and J and 
here at least four and possibly five fundamental terminal and bridgijig 
modes of NCS have been found, including the rare N-only bridging mode of 
NCS in some di-Fb (IX) complexes of the macrocycles P and H. A direct 
correlation is apparent between this bonding mode and the occurrence in the
i.r of v^g(NCS) < 2000 cm"\
-1 2 + 
The observation of v^g(NCS) below 2000cm in [Cu2 (33N-2H)(HNCS)2]
was assigned, on the basis of X-ray structural data, to the presence of
coordinated thiocyanic acid and not to N-only bridging NCS . The complex is
the first of its type.
Metal-ion control of the mode of coordination is evident in the
structure of the heterobinuclear [PbMnP(NCS)i^] where the S-donors of both
the 3-atom bridging thiocyanates are directed towards Pb (II) while the
N-donors are both directed towards Mn (II).
The di-Cu (II) complexes of 33N, 33NMe and P, Q and J exhibit a wide
, I -1
range of antiferromagnetic coupling 2 J ca -20 and -700 cm . The weak 
antiferromagnetic behaviour of 33N, 33NMe and P are consistent with the known 
(from X-ray) large metal ... metal separations. Interactions are of a di­
polar nature through space in the former and through the 3-atom bridging NCS 
in the latter. On the basis of zero-splitting in e.s.r (33N: D = 30 G;
P: D = 79 G) P displays the larger interaction as expected for the smaller
.ring size.
When bridging occurs through single atom such as OMe , the observed 
coupling is higher and demonstrably so in the case of the e.s.r silent 
[Cu2Q (OMe) 2 (py ) 2 XCIO 4 ] 2 • 2H2O.
The Cu (I) complexes obtained in the course of the above studies 
proved inadequate for use as organic oxidation catalysts. [(CuI)itJ] and 
[Cu2J(NCS)2] proved too insoluble and in any case the presence of coordin­
ating anions serves to block access to labile Cu (I) active sites.
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CCu(btz)2]CBPhi^ ] and [Cu2 (bt)i^]CC104]2 are too labile at low concentration 
for CO studies and too stable for O2 studies. The activity of the complex 
CCu2(MeRV)]CC10Lf]2 in the oxidation of substrates such as substituted 
catechols, phenols and thiols has demonstrated the importance of the built-in 
binuclear site. The recently prepared [Cu2Q][C10 i^ ]2 '3H20 also shows some 
promise in CO and O2 activation. Its irreversible O2 and reversible CO 
activity has been highlighted in Chapter 3. There is scope here for 
further development particularly as to the nature of CO binding (terminal or 
bridging) and the possibility of oxidation of organic substrates.
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Appendix
Infrared spectra were recorded in the range 400-200 cm”  ^as KBr 
discs or nujol mulls using a Perkin-Elmer 577 or 598 grating spectrometer. 
Electronic spectra were recorded using Pye-Unicam SP 700, SP8000 or 
Perkin-Elmer 402 spectrometers. The solid state spectra were recorded 
on the SP700 instrument and are the transmittance spectra of nujol mulls.
A conductivity cell with a cell constant 0.0352, constructed from 
bright platinum electrodes, in conjuction with a conventional resistance/ 
capacitance bridge was used for electrical conductance measurements.
K — 0.0352 (where R = resistence reading)
R
%corr = K " %s (Kg = 0'0352
resistence of MeCN)
Molar conductivity = 100OK
M corr/
c
(where c = molar concentration)
Ranges in MeCN:
1:1 electrolyte 120-160 ^“^cm^mol."^ (92-199)
1:2 electrolyte 220-300 " (145-336)
1:3 electrolyte 340-420 " (variable)
Mass spectra were recorded using either the A.El. Ms902 mass spectro­
meters, at an ionizing voltage of 70eV. N.M.R spectra were measured
using a Joel JNP-PM X 60 MHz a Bruker WH90 or a Bruker WM250 MHz Fourier
13
transform N.M.R spectrometer. The C N.M.R spectra were recorded on 
Bruker WH 22.6 MHz or Bruker WM 62.9 MHz spectrometers.
Magnetic measurements were carried out by the Gouy method using 
Newport Instruments variable temperature (93-300K) magnetic balance.
E.s.r spectra were obtained as undiluted powders or as frozen solutions, 
using a Varian E9 instrument.
Mossbauer spectra were recorded at room temperature using a Harwell constant 
acceleration spectrometer and a ^^Co in Pd source. The equipment was 
calibrated with an iron foil standard at 293K. Absorber thickness were not 
more than 50 mg. cm . Isomer shifts and quadrupole splittings were deter­
mined by visual inspection to + 0 . 0 2  mm r ” ^
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Intramolecular Antiferromagnetism
Magnetically dilute Cu (II) complexes have effective magnetic mom­
ents in the range 1.75 to 2.20 BM regardless of stereochemistry and virtually 
independent of temperature.
For binuclear Cu (II) complexes (excluding M-M bonding) there exists
the possibility of a magnetic interaction between the two paramagnetic
centres. This interaction may be of a dipolar nature through space, in
which case the interaction is small. Alternatively, a bridging ligand
may provide a superexchange pathway. Antiferromagnetic coupling has the
effect of lowering the energy gap (2J) between the diamagnetic singlet and
paramagnetic triplet states, where 2J is the exchange integral defined by
the Hamiltonian operator H = -2JSi S2 . Sj and S2 are the spins of the
two coupling nuclei. J is negative for antiferromagnetic and positive
for ferromagnetic coupling. Fig.A, shows how magnetic susceptibility
varies with temperature as a function of -J.~Xa  is calculated from the
30 8
Bleaney Bowers equation as shown .
The extent of the exchange interaction between the two coupled Cu (II) 
centres depends largely on the magnitude of the overlap between the magnetic 
orbitals. Studies on di—y—hydroxo bridged Cu (II) complexes have shown 
a linear correlation between 2J and 0, the bridging angle , Fig.B. Note 
that when 0 = 97.6° J = 0 and that 0 can cause ferromagnetic(F) or anti- 
ferromagnetic coupling: (F) 97.6 < 0 < 97.6 (AF).
E.S.R.
In the electron spin resonance experiment (e.s.r) unpaired electrons 
will normally 'line-up* along the direction (z ) of an applied field (H ) 
and this lifts the degeneracy of the J spin states of the electron 
(Zeeman Effect). The energy difference between these two states (micro­
wave for e.s.r) is proportional to the applied field. Thus
AE = hv = gySH
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g is the gyromagnetic ratio and 3 the Bohr Magneton. If the electron spin 
is the only source of magnetism then g^ =2.0023. The g^value is a unique 
property of the molecule as a whole and is independent of any hyperfine 
interactions (see below) that may be present. If however the electron is 
associated with a nucleus possessing spin the Nuclear Zeeman Effect pro­
vides various nuclear spin states for the electron to couple to; selection 
rules for transition are AM^ = 1 and AM^ = 0. Thus mononuclear Cu (II)
will show four equally intense lines, Fig.C. When the electron can see 
two equivalent nuclei - as in magnetically coupled Cu (II) dimers seven 
lines become possible with intensity ratios 1:2:3:4:3:2:1, (Fig.D). In 
general 2nl + 1 transitions occur (n = number of equivalent nuclei) and the 
intensity ratios are given by the coefficients of the binomial expansion 
of (1 + X)^. These patterns are referred to as hyperfine structure and 
their separations as the hyperfine coupling constant, A. Since,in the 
dimer, the electron spends only half its time on a given nucleus, the 
hyperfine constant is usually half that of a corresponding magnetically 
dilute mononuclear Cu (II).
The unpaired electron in Cu (II) resides a d—orbital, where there
is formally no electron density at the nucleus. Any interaction with the
nucleus is via spin polarization mechanisms and is therefore small. The
hyperfine will also be anisotropic and may be resolved into three unique
directions x, y and z. In solution random tumbling averages A . to
^ a m  so
zero so only A^^^ (isotropic) is observed, Fig.D. In solids or frozen 
solutions gjj and ^  signals are obtained. Since in a situation of axial 
symmetry the J_ axes are doubly degenerate the probability of transition 
is twice that in 11 hence the observed greater (/~/X 2) intensity of the
gj_ signal. Hyperfine structure is usually resolved for gjj (A^  ^ ) and 
309
not for g^ (A||) . John-Teller distortion in tetragonal or square-
250-
planar Cu (II) leads to d^ j. stabilization and the unpaired electron resides
in the d^,^ t orbital. In such cases  ^ 2. Less commonly, the d.^ 2.
. 318,319
ground state is found in trigonal bipyramidal and pentagonal
169,197,310 _ . . _
bipyramidal Cu (II) in which case g > g 2.
X 11
Where there is appreciable interaction between metals this leads to 
zero-field splitting D, Fig.E,F. This is usually quite anisotropic and 
will result in splitting of the 11 and 1 (at least) into two pairs of 
signals, (Fig.F). As a result of interaction several transition arise 
of which (i) (ii) and (v) are forbidden. Transition (ii) refers to a 
A Mg = 2, g = 4 process. This 'half-band' signal as it is known can 
usually be resolved into its 7-line pattern. Transitions(i) and (v) cor­
respond to direct singlet - triplet transitions,observation of these is 
very rare.
Sometimes hyperfine coupling to 'in-plane' ligand nuclei occurs. For 
a square-planar complex e.g. Cu phthalocyanin- all four nitrogens are 
equivalent and show their maximum coupling along the x, y (i) directions. 
The empirical 2nl + 1 formula will again give the number of lines. Hyper­
fine constants are smaller than metal-electron interactions and the pattern 
is usually seen superimposed onto the main signal (superhyperfine).
Measurement of the gas-uptake
The gas-uptakes for 0 ^ and CO were monitored by the pressure change 
(AP) in a thermostatted reaction vessel with a volume of 18.97 ml. and 
containing 5.10 ml. of the complex solution. The pressure in the re­
action vessel was recorded automatically using a standard Langhan-Thompson 
i r a n s d u c e ^ t y p e  UP4) and referred to a standard reference pressure of 2/3 
atomospheres.
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The equilibrium constant for the gas in the reaction vessel with the 
solvent is given by.
K T
solvent (\ot- V,)
(AP)
L T. JPi-AP
where  ^= total volume of the reaction vessel and the transducer, 
tot
V. = volume of solvent and Pi = initial gas pressure in the reaction vessel
-  '(VR.V. - V|) ■No. of moles of gas consumed = AP + 2.22 +
L T,R.V. Room
1
R.V.6.321 X 10
where „ is the temperature in thereaction vessel, and V __ is the 
* V  # i\ * V  *
volume of the glass reaction vessel. The catalyic oxidations were carried 
out in a larger reaction vessel of total volume 36.2 ml. and a solvent 
volume of ~ 10 ml.
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